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  Resumen 
 
RESUMEN 
En Galicia, la productividad de los sistemas silvopastorales (SS) con arbolado joven o 
poco denso se ve limitada por la baja fertilidad del suelo que puede modificarse 
mediante diferentes técnicas de manejo, como la fertilización. La fertilidad edáfica 
puede mejorarse mediante el uso de los lodos de depuradora urbana, ya que este residuo 
es rico en materia orgánica y macronutrientes, especialmente en N y P. La mejora de la 
fertilidad del suelo en SS debe tener en cuenta el tipo de suelo de partida (agrícola o 
forestal), la especie forestal, el tipo de fertilizante y la dosis. Los lodos de depuradora 
urbana han de ser sometidos a diferentes procesos de estabilización antes de ser 
empleados en la agricultura lo que les confiere diferente capacidad fertilizante. La UE 
promueve el uso de los lodos digeridos anaeróbicamente o compostados, pero ambos 
poseen elevados contenidos en agua, por lo que es interesante evaluar otro tipo de 
productos como los estabilizados mediante procesos térmicos (lodos peletizados). El 
objetivo de esta tesis fue el de evaluar el efecto de la aplicación de diferentes dosis de 
lodos de depuradora urbana en suelo agrícola y forestal estabilizados mediante digestión 
anaeróbica, compostaje y peletización sobre los cambios más relevantes que se 
producen en las propiedades químicas del suelo, el crecimiento del arbolado, la 
producción, biodiversidad (de especies vegetales vasculares) y calidad del pasto y el 
posible riesgo ambiental provocado por el lavado de nitratos en comparación con los 
tratamientos de control (no fertilización y fertilización mineral) en sistemas 
silvopastorales establecidos con Pinus radiata D. Don (pino radiata), Fraxinus excelsior 
L.(fresno) y Quercus rubra L (roble americano). Los sistemas silvopastorales con 
fresno y roble fueron establecidos en la parroquia de Baltar (A Pastoriza, Lugo) después 
de una siembra con dactilo, raigrás y trébol antes de la plantación. En el ensayo con 
fresno se evaluó el efecto del lodo (320 kg N total ha-1) sometido a diferentes 
tratamientos de estabilización (lodo anaeróbico, compostado y peletizado). En el caso 
de la experiencia con roble americano se estudió el efecto de tres dosis diferentes de 
lodo anaeróbico (100, 200 y 400 kg N total ha-1), el más abundante en las grandes 
ciudades gallegas. En cuanto al sistema establecido con pino radiata, se instalaron 27 
macetas de 2 m3, con sus respectivos lisímetros, en la parroquia de Piugos (Lugo). En 
quince macetas se empleó suelo agrícola y en doce suelo forestal. Las macetas con suelo 
agrícola fueron todas sembradas con dactilo, raigrás y trébol. Parte de estas macetas se 
dejaron sin fertilizar, otras se fertilizaron con lodo de depuradora anaeróbico (320 kg N 
Resumen   
 2 
total ha-1) y el resto con abono mineral (500 kg ha-1). Además, en algunas de las macetas 
fertilizadas se plantó pino radiata. Las macetas con suelo forestal fueron todas plantadas 
con pino radiata, siendo la mitad de las macetas fertilizadas con lodo de depuradora 
anaeróbico (320 kg N total ha-1) y el resto con mineral (500 kg ha-1) y sembrando con 
una mezcla pratense de dactilo, raigrás y trébol la mitad de las macetas fertilizadas. Los 
resultados obtenidos nos permiten concluir que la fertilización con lodos de depuradora 
permite el reciclaje de este residuo a la vez que incrementa la producción de pasto y el 
crecimiento del arbolado. Las dosis de 200 y 400 kg de N total ha-1 incrementaron de 
forma similar la producción de pasto y el crecimiento del arbolado por lo que desde un 
punto de vista económico y medioambiental sería suficiente con aplicar dosis de lodo 
que implicaran insumos de 200 kg de N total ha-1. Además, debería promoverse el uso 
del lodo peletizado ya que mejora la productividad y, al tener un menor contenido en 
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ABSTRACT 
In Galicia, the silvopastoral systems (SS) productivity with young trees or in low 
density stands is limited by the low soil fertility which could be modified by different 
management techniques, such as the fertilization. An interesting option that could 
increase soil fertility is the use of sewage sludge as fertilizer in SS, since this residue is 
rich in organic matter and macronutrients, especially N and P. The improvement of the 
soil fertility in the SS should take into account the initial soil type (agronomic or forest), 
the forest species, the type of fertilizer and the dose. Sewage sludge should be stabilised 
before using as fertilizer. The stabilisation process could cause differences in the 
mineralisation rates and therefore in the fertilizer efficiency. The most important types 
of sludge stabilization are anaerobic digestion and composting, both of which are 
promoted by the EU. However, both types of waste contain high proportions of water so 
it is interesting to evaluate other sewage sludge stabilization techniques such as thermic 
processes (pelletized sewage sludge). The aim of this thesis was to evaluate the effects 
of the application of different dose of sewage sludge stabilized by anaerobic digestion, 
composting and pelletization in agronomic and forest soil on changes in soil chemical 
properties, tree growth, pasture production, biodiversity in terms of sward botanical 
composition, quality of pasture and the possible environmental risk caused by the nitrate 
leaching as compared to the control treatments (no fertilisation and mineral) in 
silvopastoral systems under Pinus radiata D. Don, Fraxinus excelsior L. and Quercus 
rubra L. The silvopastoral systems development under Fraxinus excelsior L. and 
Quercus rubra L. were established in Baltar (A Pastoriza, Lugo). In both experiments 
pasture was sown with a mixture of Dactylis glomerata L., Trifolium repens L. and 
Lolium perenne L. and naked-root Fraxinus excelsior L. and Quercus rubra L. plants 
were then planted in each experiment. In the study with Fraxinus excelsior L., it was 
evaluated the effect of sewage sludge (320 kg total N ha-1) stabilized by anaerobic 
digestion, composting and pelletization. In the experiment with Quercus rubra L., it 
was studied the effect of three different doses of anaerobic sewage sludge (100, 200 and 
400 kg total N ha-1), being this type of sludge the most abundant in the Galician large 
cities. Finally, in the study with Pinus radiata D. Don, 27 pots of 2 m3 with their 
lysimeters were installed in Piugos (Lugo). Fifteen pots were filled with agronomic soil 
and twelve pots with forest soil. All pots with agronomic soils were sown with Dactylis 
glomerata L., Trifolium repens L. and Lolium perenne L. Part of these pots were no 
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fertilized, other pots were fertilized with anaerobic sewage sludge (320 kg total N ha-1) 
and the rest of the pots with mineral (500 kg ha-1). Moreover, in some fertilized pots  a 
Pinus radiata D. Don. Tree was planted. On the other hand, all pots filled with forest 
soil were planted with Pinus radiata D. Don being half of these pots fertilized with 
anaerobic sewage sludge (320 kg total N ha-1) and the rest of the pots with mineral (500 
kg ha-1). Half of the pots with forest soil and fertilized with sewage sludge or with 
mineral were also sowed with Dactylis glomerata L., Trifolium repens L. and Lolium 
perenne L. The results obtained showed that in the silvopastoral systems, the 
fertilization with sewage sludge allows nutrient recycling of this residue while increases 
the pasture production and the tree growth. The doses of 200 and 400 kg total N ha-1 
increased similarly pasture production and tree growth, therefore, from an economic and 
environmental point of view would be sufficient to apply 200 kg total N ha-1. The 
pelletized sludge should be promoted because this type of sludge enhances productivity 
and presents lower proportion of water than anaerobic sludge and composted sludge 
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1. JUSTIFICACIÓN Y OBJETIVO 
En Galicia, en los últimos años se está produciendo un abandono paulatino del 
medio rural (baja natalidad y busca de empleo en las ciudades), por lo que muchas 
explotaciones ganaderas están cesando su actividad, quedando así muchos terrenos 
agrícolas abandonados (Xunta de Galicia, 2009).  
El gobierno autonómico de Galicia, dada la situación y viendo la gran demanda 
de madera existente en Europa, impulsó la forestación de tierras agrícolas abandonadas 
y zonas de matorral ofertando diferentes subvenciones (con cofinanciación estatal y de 
la Unión Europea) (UE, 2005) lo que provocó en los últimos años un importante 
incremento de la superficie arbolada (III IFN, 1998). Este incremento de la superficie 
forestal podría suponer un aumento del riesgo de incendios forestales, que es uno de los 
principales problemas medioambientales que existe en las masas forestales gallegas 
(Rigueiro-Rodríguez et al., 2009). Una opción alternativa al abandono de la actividad 
ganadera intensiva y que disminuiría el riesgo de los incendios forestales sería el 
empleo de sistemas silvopastorales en los que se compaginan los sistemas forestales y 
ganaderos, combinando la producción de productos ganaderos y madera de calidad, a la 
vez que se obtiene un efecto de control del sotobosque por parte de los animales 
(Rigueiro-Rodríguez et al., 2005a, 2009) y por tanto una disminución del riesgo de 
incendios. En España, el establecimiento de sistemas agroforestales se promueve a 
través de la Estrategia Forestal Española (MMA, 1999) y de la Directiva Europea CE 
1698/2005 (UE, 2005) relativa a las ayudas al desarrollo rural a través del Fondo 
Europeo Agrícola de Desarrollo Rural que contempla ayudas directas para el 
establecimiento de sistemas agroforestales. 
Ente las especies arbóreas interesantes para establecer sistemas silvopastorales 
en la zona atlántica española podemos citar Pinus radiata D. Don, ya que es la especie 
más empleada en repoblaciones de la provincia de Lugo en las últimas décadas (Álvarez 
et al., 2001) y es ampliamente empleada en sistemas agroforestales en otros países 
(Benavides et al., 2009), Fraxinus excelsior L., que ha presentado buenos resultados en 
la implantación de sistemas agroforestales en la zona atlántica europea (McAdam y 
Hoppe, 1996; McAdam y Sibbald, 2000) y Quercus rubra L. que es una frondosa cuyo 
uso se está extendiendo en los últimos años en Galicia (Molina-Rodríguez et al., 2004). 
Por otra parte, los suelos gallegos suelen presentar baja fertilidad, lo que limita 
la productividad de los componentes herbáceo y arbóreo de los sistemas silvopastorales 
(Zas y Alonso, 2002). Una opción interesante para incrementar la fertilidad del suelo 
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sería el uso de los lodos procedentes de depuradoras urbanas como fertilizante orgánico, 
ya que son ricos en materia orgánica, N y P (MMA, 2006). El uso de los lodos en la 
agricultura permitiría emplear este tipo de residuo de forma sostenible y resolver el 
problema de eliminación del mismo, ya que debido a la implementación de la Directiva 
91/271/CEE (UE, 1991) que obliga a depurar las aguas residuales en poblaciones de 
más de 2.000 habitantes su producción se ha visto notablemente incrementada en los 
últimos años. En España, el R.D. 1310/1990 (BOE, 1990) y en Europa la Directiva 
86/278/CEE (UE, 1986) recogen toda la normativa que regula la utilización agrícola de 
los lodos de depuradora, estableciendo unos valores límite máximos de concentración 
de metales pesados (Cu, Zn, Ni, Cd, Pb, Hg y Cr) en el suelo y en el lodo, para que éste 
pueda ser empleado como fertilizante en la agricultura. Las dosis de lodo de depuradora 
que se pueden aplicar al suelo van a depender de la cantidad de metales pesados y 
nitrógeno en el lodo y de la proporción de nitrógeno que es fácilmente mineralizable 
durante el primer año tras la aplicación del residuo (Barry et al., 1986; EPA, 1994; 
Smith, 1996). De este modo, la EPA (1994) nos indica que si las dosis de lodo de 
depuradora son muy superiores a las necesidades del cultivo existe riesgo de que se 
produzca un lavado de nitratos a través del perfil del suelo provocando una 
contaminación de las aguas. 
Para que los lodos de depuradora urbana se puedan aplicar al suelo es necesario 
que sean previamente sometidos a tratamientos de estabilización (RD 1310/1990) 
(BOE, 1990) (digestión aeróbica, anaeróbica, compostaje y peletización son los más 
frecuentes). Las características de los lodos, su contenido en nutrientes y la tasa de 
incorporación al suelo varían en función de los procesos de estabilización a los que son 
sometidos en las estaciones de depuración de las aguas residuales (EDAR). La Unión 
Europea promueve el empleo como fertilizantes de los lodos estabilizados mediante 
digestión anaeróbica y compostaje (EEA, 2000); sin embargo, en casos contienen 
elevadas proporciones de agua, que se reducen en los lodos sometidos a secado térmico 
y posterior peletizado, lo que abarata el transporte y almacenaje y facilita su aplicación 
al suelo. 
Por lo tanto, los aspectos más importantes a evaluar, desde los puntos de vista 
productivo y medioambiental, en relación con el impacto de la fertilización en sistemas 
agroforestales, están relacionados con el tipo de suelo, la especie forestal, el pasto, el 
tipo de fertilizante y la dosis de lodo de depuradora aplicada. 
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El objetivo de esta tesis fue evaluar el efecto de la aplicación de lodos de 
depuradora urbana en suelo agrícola y forestal sobre las propiedades químicas del suelo, 
el crecimiento del arbolado, la producción, biodiversidad (de especies vegetales 
vasculares) y calidad del pasto y el posible riesgo ambiental provocado por el lavado de 
nitratos, en comparación con los tratamientos de control (no fertilización y fertilización 
mineral) en sistemas silvopastorales establecidos con Pinus radiata D. Don, Fraxinus 
excelsior L. y Quercus rubra L.  
Más concretamente los objetivos fueron: 
 Evaluar el efecto del lodo de depuradora urbana que ha sido estabilizado 
mediante digestión anaeróbica, compostaje y peletización sobre las propiedades 
químicas del suelo (pH, capacidad de intercambio catiónico efectiva (CIC), porcentaje 
de saturación del Al, Cu y Zn total y Ca, Cu y Zn extraídos por el método Mehlich), el 
crecimiento del arbolado (altura y diámetro), la producción de pasto del sotobosque, la 
biodiversidad en términos de la composición botánica de la pradera y la concentración 
de Cu y Zn en el pasto en comparación con los tratamientos de control (no fertilización 
y fertilización mineral) en un sistema silvopastoral establecido con Fraxinus excelsior 
L. 
 Evaluar el efecto de la plantación de Pinus radiata D. Don, de la siembra de 
pasto y de la fertilización con lodo de depuradora anaeróbico y con fertilizante mineral 
sobre distintas variables del suelo (pH, capacidad de intercambio catiónico efectiva 
(CIC), materia orgánica, N y P total, P extraído por el método Mehlich y lavado de 
nitratos), del arbolado (altura y diámetro), y del pasto ( producción, composición 
botánica de la pradera y cantidad de proteína y P del pasto) en sistemas forestales 
arbolados, praderas y en sistemas silvopastorales establecidos en suelo agrícola y en 
suelo forestal. 
 Evaluar el efecto de diferentes dosis de lodo de depuradora anaeróbico (100 kg 
N total ha-1, 200 kg N total ha-1 y 400 kg N total ha-1) sobre diferentes variables del 
suelo (pH, capacidad de intercambio catiónico efectiva (CIC) y porcentaje de saturación 
de Al, K, Ca, Mg y Na), del arbolado (altura y diámetro) y del pasto (producción y 
biodiversidad de plantas vasculares), en comparación con el tratamiento de control de 










             
 
INTRODUCCIÓN
Introducción  Parte II 
 9
2. INTRODUCCIÓN 
2.1. LOS SISTEMAS AGROFORESTALES (SAF) 
Los sistemas agroforestales son técnicas de manejo sostenible de la tierra que 
emplean árboles, cultivos y/o animales sobre la misma unidad de terreno en cualquier 
forma de ordenación espacial o temporal, registrándose entre ellos interacciones 
ecológicas y económicas (Nair, 1993; Rigueiro-Rodríguez et al., 2008a). Este tipo de 
sistemas tienen siempre una mayor complejidad que cualquier sistema forestal o 
agrícola por separado, debido a los diferentes tipos de las relaciones que se establecen 
entre los componentes (Silva-Pando y Rozados-Lorenzo, 2002). 
Los sistemas agroforestales son formas de uso del territorio vinculadas al 
sedentarismo de la especie humana y empleadas desde antiguo, ya que algunas formas 
de sistemas agroforestales se empleaban 9.000 años a.C. en África o 2.500 años a.C. en 
España (Eichhorn et al., 2006). Sin embargo, es a partir de los años ochenta del pasado 
siglo cuando los sistemas agroforestales empiezan a ser reconocidos y se incorporan a 
los programas nacionales de investigación agrícola y forestal de muchos países 
desarrollados, debido principalmente a problemas de gestión de la tierra como la 
deforestación tropical, la escasez de leña, la degradación del suelo y la pérdida de 
biodiversidad (Nair et al., 2008). En 1992, en la Conferencia de las Naciones Unidas 
para el Desarrollo y el Medio Ambiente (UNCED) celebrada en Río de Janeiro, se 
desarrolló el plan de acción denominado “Agenda 21” (UN, 1992) en el cual se 
proponía el mantenimiento y la sostenibilidad de las zonas arboladas, especificando la 
adecuación de los sistemas agroforestales como método de manejo sostenible de la 
tierra. Además, en España, la Estrategia Forestal Española también promueve el 
establecimiento de los sistemas agroforestales a través del uso múltiple de los terrenos 
forestales (MMA, 1999). En la actualidad este tipo de sistemas son promovidos por la 
UE (Reglamento1698/2005, UE, 2005) y son vistos por parte de los agricultores 
europeos como formas de gestión del territorio susceptibles de ser empleados, como 
demuestran las encuestas realizada a 214 agricultores de 14 regiones diferentes de 
Europa, en las que más de la mitad indicaron que les gustaría establecer sistemas 
agroforestales en sus granjas (Graves et al., 2008). 
Para poder clasificar los sistemas agroforestales se pueden considerar diferentes 
criterios. En la Tabla 2.1 se presenta un resumen de los criterios empleados por distintos 
autores (Wiersum, 1981; Nair, 1985, 1990; Silva-Pando y Rozados-Lorenzo, 2002), 
entre los cuales la naturaleza de los componentes ha sido el criterio más utilizado, dando 
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lugar a la Agroselvicultura, Silvopascicultura o a la Agrosilvopascicultura entre otras 
denominaciones. La aplicación de criterios como la ordenación espacial y temporal de 
los componentes, distribución biogeográfica, nivel de aportes tecnológicos, relaciones 
coste beneficio o tipo de función darán lugar a una mayor diferenciación y complejidad. 
 
Tabla 2.1: Clasificación de los sistemas agroforestales (Fuente: Nair, 1985; Silva-Pando y Rozados-
Lorenzo, 2002).  
 
Según la “Association for Temperate Agroforestry” (AFTA, 1999) los sistemas 
agroforestales se caracterizan por su intencionalidad, intensividad, interactividad y por 
ser sistemas integrados. El término intencionalidad implica que el sistema es diseñado y 
manejado de forma intencionada como una unidad y la intensividad indica que los 
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sistemas son manejados para obtener beneficios tanto monetarios como de protección. 
Las interacciones físicas y biológicas entre los diferentes componentes (arbolado, 
cultivo/pasto, suelo y animales) se encuentran implícitas en el término interactividad y 
se dice que son sistemas integrados ya que entre sus componentes se registran 
interacciones estructurales y funcionales, dando lugar a una unidad de manejo. 
Por otro lado, cabe indicar que en todo el mundo existen numerosos sistemas 
tradicionales en los que se reconocen las características mencionadas anteriormente. 
Dichos sistemas son específicos de cada zona, ya que se describen bajo unas 
condiciones locales, surgiendo así un amplio número de sistemas agroforestales, aunque 
se puede decir que sus componentes presentan un determinado patrón de distribución 
espacio-tiempo, dando lugar a lo que Nair y Nair (2002) definen como prácticas 
agroforestales. 
Dentro de las zonas templadas se identifican las prácticas agroforestales que se 
recogen en la Tabla 2.2 (Nair y Nair, 2002; Alavalapati et al., 2004; Mosquera-Losada 
et al., 2008a). 
 
Prácticas agroforestales Definición 
Cultivo en callejones Distribución del arbolado en hileras simples o agrupadas con  cultivos herbáceos intercalados 
Cultivo en el bosque 
Cultivo en zonas arboladas de plantas medicinales, ornamentales, 
culinarias, etc., y/o aprovechamiento de plantas silvestres útiles 
que crecen en los bosques 
Bosques de ribera 
Zonas de vegetación perenne (árboles, arbustos o herbáceas)  
entre los cultivos/pastos y los cursos de agua, y/o cultivos entre el 
arbolado en franjas de ribera 
Silvopastoreo Combinación de la producción forestal con la forrajera (pasto o heno) y la ganadera 
Zonas cortaviento 
Plantaciones lineales de árboles alrededor de granjas y campos de 
cultivo, cuya finalidad es la protección de los animales, el cultivo 
y el suelo frente a los efectos del viento 
Tabla 2.2: Prácticas agroforestales (Fuente: Nair y Nair, 2002; Alavalapati et al., 2004; Mosquera-Losada 
et al., 2008a).  
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En esta tesis nos centraremos en los sistemas silvopastorales, los que más 
potencial de uso tienen en la comunidad autónoma gallega, la cual posee una importante 
ganadería bovina y una amplia superficie destinada a pastos y forrajes (25% del 
territorio) y a terrenos forestales (más del 60%). Por otra parte, los sistemas 
silvopastorales son de los más antiguos tipos de sistemas agroforestales desarrollados en 
las zonas templadas (Nair, 1991) y son una de las prácticas agroforestales más 
extendidas hoy en día en toda Europa (Agroforestry Forum, 2007). 
 
2.2. LOS SISTEMAS SILVOPASTORALES 
 Los sistemas silvopastorales son un tipo de sistema agroforestal en el cual el 
arbolado y el pasto se manejan buscando una integración entre la producción maderera 
y animal (Rigueiro-Rodríguez et al., 2005a) y se pueden considerar como una de las 
prácticas agroforestales más empleadas en el pasado y en la actualidad en toda Europa 
(Mosquera-Losada et al., 2008a).  
La especie arbórea que se utiliza para establecer el sistema silvopastoral 
desempeña una serie de funciones, entre las que destacan la producción maderera y 
proporcionar alimento al ganado. Con el objeto de que el arbolado permita la 
producción del pasto bajo sus copas, es conveniente que reúna una serie de 
características como son una buena dominancia apical, buena poda natural o tolerar 
podas intensas (Beaton y Hislop, 2000). La relación diámetro de copa/diámetro del 
tronco del árbol debe ser baja y la copa tiene que ser clara para que deje pasar la luz al 
suelo y no intercepte mucha lluvia, además, la descomposición de sus restos no debe 
producir efectos alelopáticos sobre las especies herbáceas del sotobosque. Asimismo, 
deben ser eficaces bombas de nutrientes y el sistema radical del árbol tiene que ser 
capaz de explorar horizontes profundos del suelo para disminuir la competencia con los 
estratos arbustivo y herbáceo, obteniéndose así una mayor productividad de los 
componentes arbóreos y forrajeros. La especie arbórea establecida en el sistema 
silvopastoral también debe ser compatible con el tipo de ganado introducido en el 
sistema (Rigueiro-Rodríguez et al., 2005b). 
El ganado empleado será a su vez capaz de alimentarse de la vegetación que se 
desarrolla en el sotobosque (Silva-Pando, 1988; Rigueiro-Rodríguez et al., 1997; 
Rigueiro-Rodríguez, 2000) y compatible con el arbolado. Las cabras y los caballos 
serán adecuados para controlar el combustible vegetal leñoso vivo del sotobosque 
disminuyendo el riesgo de incendios (Rigueiro-Rodríguez et al., 2005b), mientras que 
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las ovejas y las vacas consumen bien el pasto herbáceo, introduciéndose en el sistema 
cuando el sotobosque se encespeda debido al pastoreo previo de las cabras y los 
caballos o cuando establecemos una pradera artificial bajo repoblación (Rigueiro-
Rodríguez, 1992).  
 
2.3. CARACTERÍSTICAS DE LOS SISTEMAS SILVOPASTORALES 
En los sistemas silvopastorales se debe presentar una estabilidad entre sus 
diferentes componentes (árboles, pasto y animales) que permita que el sistema sea 
viable tanto en el tiempo como en el espacio (Silva-Pando y Rozados-Lorenzo, 2002). 
La integración de los recursos agropecuarios y forestales que se registra en este tipo de 
sistemas favorece su productividad y el aporte de sus beneficios ambientales y sociales 
(Rigueiro-Rodríguez et al., 2008a). 
 
2.3.1. Productividad de los sistemas silvopastorales 
La productividad de los sistemas silvopastorales deriva de la multiplicidad de 
productos obtenidos. Así, a partir de la misma unidad territorial podemos obtener 
simultáneamente madera, alimentos, forraje, leña, plantas medicinales, etc. (Rigueiro-
Rodríguez et al., 2008a). Los sistemas silvopastorales presentan una mayor estabilidad 
económica que los exclusivamente forestales, debido a los rápidos retornos monetarios 
de los productos agrícolas y/o ganaderos que se compatibilizan y complementan con los 
más tardíos del arbolado, como la madera. Estudios realizados por Sibbald (1996) 
señalan hasta un 15% de aumento del beneficio económico al combinar el ganado con 
especies arbóreas como Fraxinus excelsior L., en comparación con el pastoreo en zonas 
no arboladas en áreas no montañosas del Reino Unido. Estos beneficios proporcionan a 
los propietarios una mayor continuidad de ingresos a lo largo de la vida de la 
explotación, en comparación con el manejo forestal tradicional (Anderson y Sinclair, 
1993; Sharrow, 1999). 
La productividad de un sistema silvopastoral depende del tipo de especie arbórea 
elegida y de la densidad del arbolado y se ve positivamente influenciada cuando la 
asociación árbol-plantas forrajeras es adecuada en tiempo y espacio. Los árboles pueden 
beneficiar a los cultivos que se desarrollan en su entorno, promoviendo la producción de 
productos de origen animal a bajo coste y de alta calidad (Rigueiro-Rodríguez et al., 
2008a). En estudios realizados por Fernández-Núñez et al (2007) en los que se 
comparaba la rentabilidad de sistemas silvopastorales establecidos con Pinus radiata D. 
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Don a diferente densidad de plantación (2500 y 833 árboles ha-1) con la rentabilidad de 
sistemas exclusivamente forestales y ganaderos, se observó que en los sistemas 
silvopastorales con menor densidad de arbolado la producción aumentaba un 17% y un 
53% con respeto a los sistemas ganaderos o forestales, respectivamente. Por lo tanto, el 
establecimiento de sistemas silvopastorales en tierras con uso exclusivamente forestal o 
ganadero podría considerarse como una buena alternativa económica siempre y cuando 
la especie arbórea y su densidad, el pasto y el ganado y carga ganadera sean adecuados. 
 
2.3.2. Beneficios ambientales de los sistemas silvopastorales 
Los sistemas silvopastorales presentan grandes ventajas de tipo ambiental, 
debido a que aportan externalidades de gran interés: mejoran el microclima y la calidad 
paisajística, previenen la erosión eólica e hídrica y los incendios forestales, aumentan la 
biodiversidad y reducen la contaminación de las aguas por lavado de nitratos y fósforo 
(Hislop y Sinclair; 2000; McAdam, 2000; Rigueiro-Rodríguez et al., 2008a), al mismo 
tiempo que fijan carbono (Nair et al., 2008; Fernández-Núñez et al., 2010a; Howlett et 
al., 2010). Nos centraremos en los efectos sobre la biodiversidad y la calidad de las 
aguas por ser estos aspectos evaluados en esta tesis.  
 
a) Biodiversidad 
La Unión Europea se ha planteado el ambicioso objetivo de detener la pérdida de 
la biodiversidad antes del año 2010 (UE, 2002), ya que la conservación de la 
biodiversidad es necesaria por razones económicas, sociales y ecológicas. En los 
bosques de la Unión Europea y en las tierras agrícolas de todo el mundo, la 
intensificación de la agricultura, la silvicultura monoespecífica y la propagación de 
especies alóctonas invasoras son algunos de los factores clave responsables de los 
cambios del estado de los nutrientes del suelo, de la productividad del sotobosque y de 
la pérdida de diversidad vegetal (Augusto et al., 2002; Mosquera-Losada y Rigueiro-
Rodríguez, 2005; CBD, 2010). 
Los sistemas silvopastorales podrían ser considerados una herramienta para 
fomentar la conservación de la biodiversidad, ya que estos sistemas generan diferentes 
condiciones de humedad, luz y fertilidad del suelo que fomentan el desarrollo de 
diferentes especies microbianas, de artrópodos, arácnidos y vegetales, en comparación 
con los ecosistemas exclusivamente forestales o agrícolas, potenciando así el 
crecimiento y desarrollo de especies adaptadas a esos microclimas (Mosquera-Losada et 
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al., 2006; Rois-Díaz et al., 2006; McAdam et al., 2007; McAdam y McEvoy, 2008). 
Además, los sistemas silvopastorales también contribuyen a incrementar la 
biodiversidad paisajística, y amplían el terreno forestal y agrícola a nivel territorial, 
creando biotopos apropiados para distintas especies de aves y mamíferos y formando 
corredores que comunican ecosistemas reduciendo la fragmentación de hábitats (Rois-
Díaz et al., 2006).  
En los sistemas silvopastorales, la biodiversidad del pasto se va a modificar con 
el paso del tiempo en función de la especie arbórea introducida y de su crecimiento y de 
la estructura, anatomía y disposición de las hojas de los árboles que van a permitir que 
llegue al pasto diferente intensidad y cantidad de luz (Rigueiro-Rodríguez et al., 2008a). 
En los primeros años del establecimiento del sistema silvopastoral, la biodiversidad de 
las especies del pasto será muy similar a la encontrada en áreas exclusivamente 
pascícolas y sin presencia de arbolado. Sin embargo, con el paso del tiempo el efecto 
del arbolado sobre la biodiversidad del pasto será diferente en función de la especie 
arbórea introducida. De este modo, en sistemas silvopastorales establecidos con Pinus 
radiata D. Don se observó, siete años después del establecimiento del estudio, una 
disminución de la biodiversidad del pasto debido a las condiciones de sombra, como 
consecuencia de la elevada densidad de plantación (Mosquera-Losada et al., 2006), sin 
embargo, en un sistema silvopastoral establecido con Betula alba L., también siete años 
después del inicio del ensayo, no se observó un efecto significativo del arbolado sobre 
la biodiversidad del pasto (Rigueiro-Rodríguez et al., 2005c). Por el contrario, las 
dehesas son consideradas en toda Europa como el paisaje de mayor biodiversidad 
creado por el hombre, en el cual la combinación de árboles y pasto sirve de hábitat para 
una gran variedad de insectos, aves y otro tipo de fauna y flora (Moreno-Marcos y 
Pulido, 2008). 
En cuanto a biodiversidad de la fauna en los sistemas silvopastorales, 
experiencias descritas por autores como Cuthbertson y McAdam (1996) demuestran que 
los sistemas silvopastorales incrementan la población de la fauna invertebrada, debido a 
que ésta se desarrolla mejor bajo las condiciones heterogéneas de los sistemas 
agroforestales. Un ejemplo de esto es la mayor presencia de carábidos y otros 
artrópodos (Dennis et al., 1996; McAdam et al., 2007) y el aumento del número de 
pájaros y de otros animales (Burgess, 1999; McAdam et al., 2007) en los sistemas 
agroforestales en comparación con sistemas exclusivamente agrícolas.  
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b) Contaminación de las aguas 
En los sistemas agrícolas tradicionales menos de la mitad del N o del P de los 
fertilizantes aplicados es usado por los cultivos, lo que implica que el exceso de 
fertilizante, sobre todo el nitrógeno,, es lavado a través del perfil del suelo 
contaminando los acuíferos, reduciendo la calidad de las aguas y provocando 
fenómenos de eutrofización (Cassman, 1999). Se considera que la contaminación de las 
aguas que causa el exceso de N aplicado al suelo es mayor que la que produce el exceso 
de P, debido al ciclo más complejo del N (Whitehead, 1995) y al mayor número de vías 
de eliminación del N del sistema (lavado y volatilización) y a que el P es retenido por el 
Al y el Fe en los suelos ácidos, como es el caso de los gallegos. 
El establecimiento de sistemas agroforestales podría reducir el lavado de nitratos 
y por lo tanto mejorar la calidad de las aguas, ya que las raíces de los árboles exploran 
capas más profundas del suelo que las raíces del pasto y pueden absorber el N no 
aprovechado por las especies pascícolas tal como se muestra en la Figura 2.1. Estudios 
realizados en zonas tropicales (Van Noordwijk et al., 1996) y en zonas templadas (Nair 
y Graetz, 2002; Allen et al., 2004; Nair y Graetz, 2004; Nair et al., 2007) muestran el 
importante papel importante del arbolado en la reducción de la contaminación de las 
aguas por lavado de nitratos y fósforo. Autores como Allen et al. (2004), en sistemas 
agroforestales establecidos en el noroeste de Florida con Carya illinoinensis 
(Wangenh.) K. Koch y algodón mostraron que el lavado de nitratos se reducía en un 
72% en comparación con los monocultivos de algodón. Nair et al. (2007) y Mosquera-
Losada et al. (2010a) también obtuvieron una mayor retención de nutrientes en sistemas 
silvopastorales establecidos en Florida con Pinus elliottii Engelm. y en Galicia con 
Pinus radiata D. Don, respectivamente, que en sistemas agrícolas sin arbolado. Por lo 
tanto, los resultados nos muestran que los sistemas agroforestales y en particular los 
sistemas silvopastorales podrían desempeñar un papel importante en la mitigación del 
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Figura 2.1: Uso de los nitratos por las raíces del pasto y del arbolado (líneas verdes) y lavado de los 
nitratos (líneas rojas) (Fuente: Rigueiro-Rodríguez et al., 2008a)  
 
2.3.3. Beneficios sociales de los sistemas silvopastorales 
Desde el punto de vista social, los sistemas silvopastorales contribuyen a mejorar 
las condiciones socioeconómicas de las zonas rurales mediante la creación de empleo y 
el aumento de ingresos (Nair, 1991). Se trata de sistemas de gestión de la tierra que 
permiten un amplio disfrute de las áreas rurales para el público en general, porque 
incrementan, mejoran y ayudan a preservar prácticas tradicionales y culturales. A su vez 
pueden ayudar a mejorar la productividad en la agricultura y, si se asocian con turismo 
rural, puede vincularse con la obtención de productos ecológicos de alta calidad con 
denominación de origen que incrementan la rentabilidad de estos sistemas, 
contribuyendo así a la estabilización de la población rural (Pardini, 2008; Rigueiro-
Rodríguez et al., 2008a). 
 
2.4. LA SUPERFICIE FORESTAL Y AGRÍCOLA EN GALICIA 
Según los datos del III Inventario Forestal Nacional (III IFN, 1998) la superficie 
forestal de Galicia representa el 69% de la superficie de la Comunidad Autónoma, 
siendo arbolado más del 50% del terreno forestal. Galicia es la Comunidad Autónoma 
española con mayor proporción de superficie arbolada de España, ya que el monte 
arbolado gallego representa el 8% de las masas arbóreas españolas y es una de las 
regiones con mayor importancia forestal de toda Europa. Por otro lado, el 28% de la 
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superficie gallega se corresponde con terreno agrícola y el 3% con otros usos del 








Figura 2.2: Usos del territorio en Galicia (Fuente: III IFN (1998)) 
 
Según la misma fuente en Galicia existe un equilibrio entre las masas de 
coníferas (506.026 ha) y las masas de frondosas incluyendo los eucaliptos (562.417 ha) 
y hay una importante superficie ocupada por la mezcla de coníferas y frondosas 
(359.267 ha). Tal y como se muestra en la Figura 2.3, dentro del grupo de las coníferas, 
la especie dominante es Pinus pinaster Aiton (383.631,78 ha), seguido en menor 
presencia por Pinus sylvestris L. (63.195,6 ha) y Pinus radiata D. Don (59.198,27 ha). 
Dentro del grupo de las frondosas autóctonas destacan las quercíneas, con Quercus 
robur L. (187.788,97 ha) como principal especie, seguida de Quercus pyrenaica Willd. 
(100.503,78). Entre los eucaliptos la especie principal es Eucalyptus globulus Labill. 
(174.210,40 ha), mientras que en la mezcla de coníferas y frondosas predomina la 
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Figura 2.3: Porcentaje de la superficie arbolada en Galicia según la especie (Fuente: III IFN (1998)) 
 
En los últimos años, hay que destacar el incremento de la superficie arbolada 
que se está produciendo debido al abandono paulatino de muchas explotaciones 
agropecuarias, lo que conlleva un cambio del uso de la tierra de agrícola a forestal. 
Según los datos del II Inventario Forestal Nacional (II IFN, 1987) y III Inventario 
Forestal Nacional (III IFN, 1998) la superficie arbolada creció entre esos años un 27,1% 
en el caso de montes particulares y un 64,8% en el caso de los montes públicos y 
vecinales. Este cambio de uso de la tierra es apoyado por la política de la Unión 
Europea con líneas de ayudas para el abandono voluntario de explotaciones agrarias y 
para la reforestación de tierras agrarias (UE, 2005). Los datos del II Inventario Forestal 
Nacional (II IFN, 1987) y III Inventario Forestal Nacional (III IFN, 1998) indican que 
entre ambos inventarios se ha incrementado en 400.000 ha la superficie arbolada de 
Galicia. Este aumento tan importante de la superficie arbolada supone problemas de 
gestión, debido a que el mantenimiento de las masas, con las necesarias labores de 
desbroces, claras y podas, es costoso. La implantación de sistemas silvopastorales 
disminuiría estos costes porque permitiría reducir el combustible vegetal (desbroce 
biológico por el ganado) a la par que se facilitaría la transitabilidad por el monte, 
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favoreciendo la realización de trabajos selvícolas, como podas y claras, que 
incrementarían la producción de madera de calidad en turnos más cortos y la producción 
de pasto, disminuyendo a su vez el riesgo de incendios de forma notable (Rigueiro-
Rodríguez et al., 2005a, 2009). Los sistemas silvopastorales también podrían ser una 
alternativa al abandono de la actividad ganadera intensiva, dado que permiten 
compaginar la producción ganadera y la forestal y obtener beneficios de ambas. 
Además, la Directiva Europea CE 1698/2005 (UE, 2005) relativa a las ayudas al 
desarrollo rural a través del Fondo Europeo Agrícola de Desarrollo Rural contempla 
ayudas directas para el establecimiento de sistemas agroforestales. Según el informe 
realizado en el año 2009 sobre la aplicación de las medidas forestales en el marco del 
Reglamento 1698/2005 de desarrollo rural (UE, 2005) se espera que entre los años 
2007-2013 sean implantados sistemas agroforestales en 60.000 ha de superficie 
agrícola, beneficiándose así a 3.000 propietarios de tierras y correspondiéndole a cada 
beneficiario 18 ha (UE, 2009). 
En esta tesis se desarrollan estudios relativos al Pinus radiata D. Don, la especie 
forestal más empleada en repoblaciones de la provincia de Lugo en las últimas décadas 
(Álvarez et al., 2001), Fraxinus excelsior L., especie que ha presentado buenos 
resultados en la implantación de sistemas agroforestales en la zona atlántica europea 
(McAdam y Hoppe, 1996; McAdam y Sibbald, 2000) y Quercus rubra L., frondosa 
cuyo uso se está extendiendo en los últimos años en Galicia (Molina-Rodríguez et al., 
2004). 
 
2.4.1. Pinus radiata D. Don en los sistemas silvopastorales 
Pinus radiata D. Don (pino insigne o pino de Monterrey) es una especie forestal 
originaria de la costa oriental norteamericana, siendo su área de distribución natural 
muy reducida (costa de California, sur de San Francisco e islas de Santa Rosa, Santa 
Cruz y Guadalupe) (Dans et al., 1999). Sin embargo, la importante tasa de crecimiento 
del Pinus radiata D. Don, junto con la precocidad con la que alcanza su máxima 
producción en volumen y la calidad aceptable de su madera para diferentes usos, ha 
fomentado el empleo de esta especie en repoblaciones en gran parte del mundo, siendo 
introducida en muchos países de la zona templada mundial, como Chile, Nueva 
Zelanda, Australia, Sudáfrica y varios países europeos.  
En Europa, el Pinus radiata D. Don se introdujo sobre todo en el sur (Italia, 
Francia, España, Portugal), pero actualmente es España el único país en el que las masas 
Introducción  Parte II 
 21
de esta especie ocupan importantes extensiones, sobre todo en Galicia y la cornisa 
Cantábrica (Figura 2.4), y en el que se ha desarrollado un tejido industrial basado en la 
transformación de su madera (Dans et al., 1999). En Galicia, en el año 1950, el pino 
insigne fue introducido en las provincias de Lugo y A Coruña a través de los trabajos 
del Patrimonio Forestal del Estado, que con posterioridad fueron continuados por el 
ICONA. Hoy en día, el Pinus radiata D. Don es una de las especies forestales de mayor 
importancia en Galicia, ya que en el programa de forestación de tierras agrarias, que 
comenzó en Galicia en Noviembre de 1993 a través de la aplicación de los Reglamentos 
(CEE) nº 2080/1992 (UE, 1992) y nº 1257/1999 (UE, 1999), muchos propietarios 
forestales se sintieron inclinados a elegir esta especie para reforestar sus tierras agrarias 
marginales y otros terrenos de carácter forestal, debido al crecimiento moderadamente 
rápido de esta especie. En concreto, entre el año 1993 y el año 2000 se repoblaron un 
total de 62.885 ha, principalmente con Eucalyptus spp. (Eucalyptus globulus Labill. en 
la zona costera y Eucalyptus nitens H. Deane & Maiden en la zona de interior) y con 




Figura 2.4: Área de distribución del Pinus radiata D. Don en España (Fuente: www.inia.es) 
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Por otra parte, el Pinus radiata D. Don es una especie arbórea muy empleada 
actualmente en el establecimiento de sistemas silvopastorales en zonas templadas como 
Australia, Nueva Zelanda y Chile, obteniéndose en estas zonas incrementos de 
beneficios económicos de hasta el 12% al realizar plantaciones con esta especie sobre 
pastos ya establecidos, en comparación con los beneficios económicos de los terrenos 
con uso de pradera (Hawke, 1991; Knowles, 1991; Benavides et al., 2009). En el norte y 
noroeste de España también se han establecido sistemas silvopastorales con Pinus 
radiata D. Don con el fin de disminuir la incidencia de los incendios forestales al 
remplazar a los arbustos altamente inflamables asociados al sotobosque del pinar por un 
tapiz herbáceo menos inflamable (Ibarra et al., 2000; López-Díaz et al., 2009; Rigueiro-
Rodríguez et al., 2010a). La buena aceptación de esta especie para establecer sistemas 
silvopastorales se debe fundamentalmente a su rápido crecimiento a marcos de 
plantación amplios, a que tolera podas artificiales, a su dominancia apical y a que actúa 
como una bomba de extracción de nutrientes (Silva-Pando, 1998; Rigueiro-Rodríguez, 
2000).  
 
2.4.2. Fraxinus excelsior L. en los sistemas silvopastorales 
Fraxinus excelsior L. (fresno) es una especie arbórea de amplia distribución en 
Europa y en gran parte de Galicia (Figura 2.5) que se integra perfectamente en los 
sistemas silvopastorales establecidos en la región biogeográfica atlántica de Europa 
(McAdam y Hoppe, 1996; McAdam y Sibbald, 2000). 
 
Figura 2.5: Área de distribución en Galicia del Fraxinus excelsior L. y otros fresnos (Fuente: Rigueiro-
Rodríguez y Silva-Pando, 1990, modificado) 
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Los fresnos, se caracterizan por su dominancia apical y por sus raíces que 
alcanzan capas más profundas del suelo que las del pasto, con las que no compiten, 
permitiendo además un mejor reciclaje de nutrientes en el sistema en comparación con 
terrenos cubiertos exclusivamente por especies pratenses. Por otra parte,, como se trata 
de una especie de hoja caduca, durante el otoño y la primavera la cantidad de radiación 
interceptada es menor que en el caso de los sistemas silvopastorales establecidos bajo 
coníferas siempre verdes, y durante el verano proporciona sombra, reduciendo la 
evapotranspiración, aumentando por lo tanto la producción de pasto en comparación con 
el establecido bajo árboles de hojas persistentes o en zonas abiertas en áreas que 
presentan sequía estival, prolongando así la estación de crecimiento del pasto y la 
disponibilidad de forraje fresco y de buena calidad para el ganado. La copa clara de los 
fresnos también permite que llegue mayor cantidad de agua de lluvia al pasto, 
favoreciendo así su producción (McEvoy, 2004). 
En el Reino Unido se realizaron ensayos para comprobar la compatibilidad del 
pasto con distintas especies arbóreas en sistemas silvopastorales, obteniéndose buenos 
resultados con Fraxinus excelsior L. (McAdam y Hoppe, 1996; McAdam y Sibbald, 
2000). Esta especie también forma parte, junto con Acer pseudoplatanus L., de una red 
de experiencias silvopastorales establecidas en siete zonas diferentes del Reino Unido 
(Agroforestry Forum, 2009). 
 
2.4.3. Quercus rubra L. en los sistemas silvopastorales 
Quercus rubra L. (roble americano) es una especie procedente de la costa 
atlántica de Norteamérica, donde habita en un área amplia desde Canadá hasta Lousiana 
(Figura 2.6). Tiene por lo tanto una gran variedad de procedencias, lo cual explica su 
plasticidad (Álvarez-Álvarez et al., 2000).  
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Figura 2.6: Área de distribución natural del Quercus rubra L. (Fuente: Sander, 1990) 
 
En la Península Ibérica Quercus rubra L. está presente sobre todo en el norte y 
noroeste, encontrándose las repoblaciones de mayor edad y extensión en el País Vasco. 
En Galicia fue introducido hace más de 60 años y tuvo una buena aceptación por parte 
de los silvicultores dentro del programa de forestación de tierras agrarias, debido 
fundamentalmente a que su crecimiento es más rápido que el de la especies autóctonas 
de robles y, por lo tanto, permite a los silvicultores obtener beneficios económicos 
procedentes de la explotación forestal de forma más temprana (Renou-Wilson et al., 
2008). Los resultados del III Inventario Forestal Nacional (III IFN, 1998) señalan una 
presencia destacada de esta especie en Galicia, con una tendencia a incrementarse.  
Quercus rubra L. es una especie arbórea frecuentemente usada en el 
establecimiento de sistemas silvopastorales (Nuzzo, 1986; Balandier y Dupraz, 1999; 
Lehmkuhler et al., 2003; Rozados-Lorenzo et al., 2007) debido a su copa clara que 
permite el paso de la luz al pasto. Igual que Fraxinus excelsior L. es una especie 
caducifolia, que intercepta menor cantidad de luz que las coníferas siempre verdes en 
primavera y otoño, y durante el verano proporciona sombra a los animales y reduce la 
evapotranspiración incrementándose la producción de pasto. Además, dada la rapidez de 
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su crecimiento y la calidad de su madera siempre interesará potenciar a esta especie 
desde un punto de vista económico (Álvarez-Álvarez et al., 2000). 
 
2.4.4. Los pastos en los sistemas silvopastorales 
La producción de pasto en una región depende de forma importante de las 
condiciones climáticas. En la Figura 2.7 se puede observar la distribución estacional 
media de la producción de pasto en Galicia, observándose que ésta no es estable en el 
tiempo, presentando períodos de escasez de pasto fresco para alimentar al ganado 
debido a la sequía en verano y al frío en invierno (Mosquera-Losada et al., 1999). Estas 
curvas de crecimiento se pueden ver modificadas por el efecto del arbolado, que varía 
con la evolución de la masa arbórea con el tiempo. En general, si no se regula 
adecuadamente la competencia, la producción de pasto puede verse mermada de forma 
importante debido al aumento de la cobertura del arbolado (Chang et al., 2002). 
 
 
Figura 2.7: Curva de crecimiento de pasto por estación. INV: invierno; PRIM: primavera; VER: verano y 
OTO: otoño (Fuente: Mosquera-Losada et al., 1999). 
 
En países como Italia, Grecia, España y Portugal la mayor parte de los sistemas 
silvopastorales incluyen gramíneas o leguminosas en el sotobosque para proveer de 
forraje a los animales (Alonso y Bento, 2005; Pardini, 2008). Cuando se van a 
establecer o renovar praderas en los sistemas silvopastorales es importante elegir 
especies pratenses que se puedan desarrollar bien en condiciones de sombra, ya que la 
producción de pasto en el sotobosque puede verse limitada si la densidad del arbolado 
es elevada, debido al efecto de la sombra del componente arbóreo. La densidad del 
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arbolado y sobre todo su cobertura condicionan la producción potencial del pasto. Por lo 
tanto, debería buscarse un equilibrio entre la producción de pasto y la maderera a través 
de una densidad adecuada del arbolado. Dactylis glomerata L. es una especie pratense 
adecuada para establecer un tapiz herbáceo artificial en los sistemas silvopastorales, ya 
que se adapta bien a condiciones de sombra (Mosquera-Losada et al., 2001, 2006). 
Trifolium repens L. es una leguminosa que también podría establecerse en la pradera del 
sistema silvopastoral porque mejoraría la calidad del pasto, la producción y el 
crecimiento del arbolado debido a su capacidad de fijar nitrógeno (Whitehead, 1995; 
López-Díaz et al., 2009).  
En la Figura 2.8 se puede apreciar la influencia de la cobertura del arbolado 
sobre la productividad del sotobosque. Si la cobertura de los árboles es demasiado 
elevada la producción y la calidad de pasto no serán suficientes para que el crecimiento 
y producción del ganado sean adecuados (McAdam y McEvoy, 2008). Sin embargo, la 
presencia de árboles en zonas de pastoreo tiene las ventajas de que proporcionan sombra 
en verano a los animales y actúan como barreras cortavientos en el invierno (Pardini, 
2008).  
 
Figura 2.8: Variación de la producción de pasto natural en función de la densidad arbórea (Fuente: 
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2.5. LA FERTILIZACIÓN EN LOS SISTEMAS SILVOPASTORALES 
En Galicia, la producción de pasto en los sistemas silvopastorales se ve limitada 
por la baja fertilidad de los suelos debido a su acidez natural (Zas y Alonso, 2002), que 
se asocia a un alto porcentaje de saturación de Al en el complejo de cambio y baja 
disponibilidad de cationes y fósforo (Prasad y Power, 1997; Rigueiro-Rodríguez et al., 
2007). 
El uso de fertilizantes orgánicos e inorgánicos es una herramienta de gestión que 
permite el incremento de la producción de pasto en los sistemas silvopastorales 
(Mosquera-Losada et al., 2006). No obstante, en las primeras etapas del desarrollo de 
los sistema silvopastorales establecidos mediante repoblación sobre pradera artificial la 
competencia entre los árboles y el pasto puede ser alta (Nair y Graetz, 2004; Rigueiro-
Rodríguez et al., 2008a), por lo que deben potenciarse estrategias de fertilización que favorezcan 
el crecimiento conjunto del pasto y el arbolado. Sin embargo, a medida que los árboles 
crecen y la sombra del arbolado va limitando el crecimiento de la vegetación herbácea, 
el efecto de la fertilización será menor. En este momento, la reducida respuesta a la 
fertilización del pasto bajo arbolado indicará que la luz, más que los nutrientes, es el 
factor que restringe el crecimiento (McAdam y Sibbald, 2000).  
El uso de los fertilizantes nitrogenados inorgánicos en la Unión Europea se está 
viendo reducido por el incremento que han experimentado últimamente los precios y 
por los efectos negativos de tipo ambiental de la aplicación de altas dosis de nitrógeno 
mineral al suelo (EFMA, 2009). Una buena opción sería el uso de los lodos de 
depuradora urbana como fertilizante orgánico de los sistemas silvopastorales, ya que 
son ricos en materia orgánica y macronutrientes, especialmente en nitrógeno y fósforo 
(MMA, 2006) y son en la actualidad una fuente de nitrógeno interesante desde un punto 
de vista económico. Por otra parte, su utilización como abono está promovida por la 
Unión Europea con el objeto de valorizar su uso y dar una salida adecuada a este 
residuo (UE, 1986). 
 
2.6. LOS LODOS DE DEPURADORA URBANA 
En este estudio se han utilizado como fertilizantes orgánicos los lodos 
procedentes de la depuración de aguas residuales urbanas. Comentaremos el proceso de 
formación de los mismos, desde la recogida de las aguas residuales y su tratamiento, así 
como su uso agronómico. 
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2.6.1. Las aguas residuales urbanas 
Según la Directiva 91/271/CEE (UE, 1991) “se entiende por aguas residuales 
urbanas las aguas residuales domésticas producidas básicamente por el metabolismo 
humano y las actividades domésticas (aguas residuales domésticas) o bien la mezcla de 
las mismas con aguas residuales procedentes de locales comerciales o industriales 
(aguas residuales industriales) y/o aguas de escorrentía pluvial”. 
La Unión Europea a través de la Directiva 91/271/CEE (UE, 1991) obligaba a 
que los núcleos de población con más de 15.000 habitantes dispusieran de sistemas 
colectores de aguas residuales urbanas desde el 31 de diciembre del 2000, mientras que 
en el caso de núcleos urbanos de entre 2.000 y 15.000 habitantes se establecía una 
prórroga hasta el 31 de diciembre del 2005. Al mismo tiempo se exigía que estas aguas 
se sometieran a tratamientos secundarios antes de su vertido en núcleos con más de 
15.000 habitantes, y en núcleos de más de 10.000 habitantes a partir del 31 de diciembre 
del 2005 (a partir del 2000 para los vertidos en aguas dulces o estuarios). Todo ello ha 
dado lugar al aumento del número de plantas depuradoras de aguas residuales y, por 
tanto, de la producción de lodos residuales (Figura 2.9), que son los residuos que se 















Figura 2.9: Evolución de la generación anual de lodo en España (t MS/año) (Fuente: MARM, 2008). 
 
Como se observa en la gráfica anterior, entre los años 1997 y 2007 la producción 
de lodo en España aumentó en un 40% (MARM, 2008). Los datos de producción de 
lodo por Comunidades Autónomas en el año 2007 (Tabla 2.3), extraídos del Anuario de 
Estadística del año 2008, sitúan a Galicia en el sexto puesto a nivel nacional en la 
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producción de lodo, que se corresponde con más de un 4% de la producción total a nivel 
nacional.  
Debido al notable aumento de la producción de lodos en los últimos años, el 
hecho de eliminar, transformar o depositar los lodos de depuradora se ha convertido en 
un problema de gran dimensión. Actualmente, la gestión de lodos de depuradora está 
regulada por la directiva 86/278/CEE (UE, 1986), que establece las condiciones en las 
que podrán ser aplicados los lodos como fertilizante. 
 
Comunidad Autónoma Producción de lodo (t MS)
Cataluña 309.960 
Madrid 238.229 




Castilla y León 45.361 
Castilla La Mancha 35.746 
Canarias 35.185 
Aragón 31.986 




La Rioja 4.686 
R. de Murcia 2.731 
P. de Asturias 2.229 
Ceuta y Melilla 1.460 
TOTAL 1.143.553 
Tabla 2.3: Producción de lodo por Comunidad Autónoma en el año 2007 (Fuente: MARM, 2008). 
 
2.6.2. Tratamiento de las aguas residuales urbanas 
Las plantas de depuración de aguas residuales urbanas funcionan mediante 
diferentes procesos de tipo mecánico, biológico, químico o combinaciones de los 
mismos. En su mayoría los procesos de depuración incluyen varias etapas: 
 Pretratamiento de las aguas: se eliminan principalmente los sólidos de mayor 
tamaño. Mediante unas rejas colocadas en un canal de entrada a la estación depuradora 
quedan retenidos los cuerpos más voluminosos, y en unas instalaciones de desarenado y 
desengrasado se eliminan las arenas por decantación y las grasas por desemulsión y 
recogida superficial. 
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 Tratamiento primario: mediante una decantación las partículas suspendidas más 
pesadas se separan sedimentándose en el fondo de unos tanques denominados 
decantadores primarios, que disponen de unos mecanismos de arrastre y extracción de 
los fangos que se van depositando en el fondo. 
 Tratamiento secundario: su finalidad es la reducción de la materia orgánica 
presente en las aguas residuales una vez superadas las fases de pretratamiento y 
tratamiento primario. El tratamiento secundario más comúnmente utilizado es un 
proceso biológico aerobio seguido por una decantación, denominada secundaria. El 
proceso biológico puede llevarse a cabo por distintos procedimientos. Los más usuales 
son el proceso denominado fangos activos y el denominado de lechos bacterianos o 
percoladores. 
 Tratamiento terciario: constituye un complemento de la depuración de las aguas 
residuales para adaptar la calidad de las mismas a su destino final o uso posterior. 
 
2.6.3. Tratamiento de estabilización de los lodos obtenidos 
En el tratamiento de las aguas residuales se obtienen grandes volúmenes de lodo 
con un reducido contenido en sólidos altamente biodegradables. Para el uso de estos 
lodos como fertilizante en el suelo, en España el Real Decreto 1310/1990 (BOE, 1990) 
obliga a someter los lodos a procesos de estabilización que se conocen como post-
tratamientos, los cuales básicamente buscan disminuir el contenido de agua del lodo, 
eliminar su potencial contaminante mediante la reducción de nitratos, malos olores y 
carga bacteriana y facilitar su manejo. La Unión Europea promueve el empleo como 
fertilizantes de los lodos estabilizados mediante digestión anaeróbica y compostaje, sin 
embargo, ambos tipos tienen elevadas proporciones de agua, que se reducen en los 
lodos sometidos a secado térmico y posterior peletizado (EEA, 2000), tratamientos que 
abaratan el transporte y facilitan el almacenaje y su aplicación al suelo. Estos procesos 
de estabilización se pueden resumir de la siguiente forma:  
 Digestión anaeróbica: las bacterias degradan la materia orgánica en ausencia de 
oxígeno hasta formar compuestos inertes más o menos estables. El proceso tiene lugar 
en unos depósitos cerrados en cuyo fondo se depositan los fangos digeridos. Durante el 
proceso de digestión se produce un gas biológico, con un contenido de metano del 65-
70%, que puede convertirse en un subproducto valioso a través del cual se genera una 
gran parte de la energía que la planta depuradora necesita para su funcionamiento. Este 
proceso es caro, pero el volumen tratado es mayor en comparación con el aeróbico. La 
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digestión anaeróbica es el tratamiento más empleado en grandes ciudades como Madrid, 
Barcelona y Vigo, y también se emplea en Lugo. 
 Compostaje: el lodo compostado se obtiene a partir de un proceso biológico 
aeróbico, mediante el cual los microorganismos actúan sobre la materia rápidamente 
biodegradable permitiendo obtener "compost". En el proceso de compostaje los 
biosólidos son mezclados con restos de biomasa triturada (restos de podas, serrín u otros 
restos vegetales), la cual actúa como agente estructurante y permite obtener un producto 
de calidad y valor agronómico. El compostaje puede ser una vía importante de 
estabilización de los sólidos de los lodos y además garantiza los siguientes criterios de 
calidad: materia seca mínima del 40%, práctica ausencia de patógenos, fermentación 
aerobia completa (3 días a más de 55ºC) y características físicas uniformes. 
 Peletizado: el lodo peletizado se obtiene mediante un secado térmico que reduce 
el volumen del lodo por la evaporación del agua superficial y el agua de los capilares, 
transformando el lodo en un producto seco, en forma de pellets o bolas de entre 1 y 3 
mm de diámetro. 
Las características de los lodos, su contenido en nutrientes (Mosquera-Losada et 
al., 2010b) y la tasa de incorporación al suelo (EPA, 1994) varían en función de los 
procesos de estabilización a los que deben ser sometidos en las plantas de depuración. 
La incorporación al suelo y su tasa de mineralización depende también del clima local. 
La EPA (Agencia Medio Ambiental Estadounidense) señalaba en 1994 la 
importancia del conocimiento de la concentración de nitrógeno en los distintos tipos de 
lodo y de la tasa de mineralización anual, ya que estas variables influirán de forma 
importante en las recomendaciones de manejo de estos residuos cuando se pretende su 
uso como fertilizante. En este sentido la EPA (1994) pone de manifiesto que existen 
claras diferencias entre los lodos estabilizados mediante compostaje y digestión 
aeróbica o anaeróbica en relación a esos parámetros, señalando que la digestión 
anaeróbica produce lodos con una proporción de nitrógeno total disponible en el primer, 
segundo y tercer año tras la aplicación del 20, 10 y 5%, resultando estas cifras del 10, 5 
y 2,5% si la estabilización del lodo es mediante compostaje. La EPA (1994) no cifra la 
tasa de mineralización anual para el lodo peletizado, pero, si es lodo de digestión 
anaerobia sometido a un proceso de secado térmico, se le supone la tasa de 
mineralización anual de los lodos digeridos anaeróbicamente. 
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2.6.4. Normativa del empleo de los lodos en la agricultura 
Los lodos de depuradora urbana se han eliminado tradicionalmente por 
diferentes vías, entre las más utilizadas se encuentran la descarga a vertederos (cuya tasa 
de llenado se acelera), la incineración (proceso contaminante y de coste elevado), el 
vertido al mar (prohibido desde 1999) y la aplicación en la agricultura como fertilizante. 
La UE promueve el uso del lodo de depuradora urbana como fertilizante del 
suelo debido a su alto contenido en materia orgánica y macronutrientes, principalmente 
nitrógeno y fósforo (MMA, 2006). No obstante, debe hacerse un estudio pormenorizado 
de estos residuos, ya que, debido a su procedencia y a los procesos físico-químicos que 
intervienen en el tratamiento de las aguas residuales, el lodo tiende a concentrar trazas 
de metales pesados y compuestos orgánicos (productos químicos de uso doméstico, 
productos fitosanitarios, etc.) poco biodegradables que pueden provocar efectos nocivos 
sobre el suelo, la vegetación, los animales y la salud humana. 
En España el Real Decreto 1310/1990 (BOE, 1990) recoge toda la normativa 
que regula la utilización agrícola de los lodos de depuradora en este país. Establece unos 
valores límite de concentración de metales pesados en el suelo y en el lodo, similares a 
los establecidos por la Directiva Europea 86/278/CEE (UE, 1986). De este Real 
Decreto, es especialmente importante, desde nuestro punto de vista, el artículo 3º que 
señala entre otros aspectos: 
 Los suelos sobre los que podrán aplicarse los lodos tratados deberán presentar 
una concentración de metales pesados inferior a la establecida en la Tabla 2.4. 
 
  Valores límite (mg kg-1) 
Parámetros Suelos con pH<7 Suelos con pH>7 
Cadmio 1 3 
Cobre 50 210 
Cromo 100 150 
Níquel 30 112 
Mercurio 1 1,5 
Plomo 50 300 
Zinc 150 450 
Tabla 2.4: Concentración máxima de metales pesados en suelos susceptibles de ser fertilizados con 
lodos. (Fuente: BOE, 1990). 
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 Los lodos tratados a utilizar en los suelos no excederán, en cuanto al contenido 
en metales pesados, de los valores límite recogidos en la Tabla 2.5. 
 
  Valores límite (mg kg-1) 
Parámetros Suelos con pH<7 Suelos con pH>7 
Cadmio 20 40 
Cobre 1000 1750 
Cromo 1000 1500 
Níquel 300 400 
Mercurio 16 25 
Plomo 750 1200 
Zinc 2500 4000 
Tabla 2.5: Concentración máxima de metales pesados en lodos destinados a uso agrícola o forestal 
(Fuente: BOE, 1990). 
 
 Las cantidades máximas de lodos que podrán aportarse al suelo por hectárea y 
año serán las que, de acuerdo con el contenido en metales pesados de los suelos y lodos 
a aplicar, no rebasen los valores límite de incorporación de los metales pesados 
establecidos en la Tabla 2.6. 
 








Tabla 2.6: Valores límite de incorporación de metales pesados en suelos basándose en una media de 10 
años (Fuente: BOE, 1990). 
 
El Real Decreto 1310/1990 (BOE, 1990) también establece algunas 
prohibiciones como: “Aplicar lodos tratados en praderas, pastizales y demás 
aprovechamientos a utilizar en pastoreo directo por el ganado, con una antelación menor 
de tres semanas respecto a la fecha de comienzo del citado aprovechamiento directo”. 
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2.6.5. Las dosis de lodo de depuradora  
La fertilización orgánica difiere de la inorgánica en que, por lo general, la 
disponibilidad de los nutrientes es menor en la primera en comparación con la segunda. 
Esto se debe a que el fertilizante orgánico debe mineralizarse y este proceso es lento y 
depende de las condiciones existentes en el suelo, que intervienen en el desarrollo de la 
población microbiana encargada de esta mineralización, como son la temperatura, el 
contenido en humedad o el pH. De este modo, a la hora de planificar la fertilización 
orgánica con lodos de depuradora urbana hemos de tener en cuenta el ciclo de los 
nutrientes que contiene el lodo y las necesidades del cultivo, al igual que en el caso de la 
fertilización inorgánica, pero a mayores hemos de considerar la proporción de nitrógeno 
que es fácilmente mineralizable durante el primer año tras la aplicación del lodo (Barry 
et al., 1986; EPA, 1994; Smith, 1996). La EPA (1994) nos indica que si las dosis de 
lodo de depuradora son muy superiores a las necesidades del cultivo existe riesgo de 
que se produzca un lavado de nitratos a través del perfil del suelo, provocando una 
contaminación de las aguas, como citan para el País Vasco Egiarte et al. (2009). Por ello 
se deben aplicar dosis adecuadas de lodo en el momento en el que la absorción por parte 
de los cultivos sea máxima. Por lo tanto, al establecer las dosis de lodo que se van a 
aplicar hay que tener en cuenta, además de los aspectos económicos, los 
medioambientales, ya que la eficiencia de los fertilizantes nitrogenados disminuye a 
partir de una determinada dosis, a partir de la cual no se produce respuesta alguna en el 
crecimiento del pasto y del arbolado, e incluso, si se sigue aumentando, la respuesta en 
producción puede ser negativa (Whitehead, 1995), originando así problemas 
ambientales y pérdidas económicas. 
En los sistemas silvopastorales, normalmente el componente arbóreo tiene una 
menor demanda anual de nutrientes que la vegetación herbácea, debido a que su 
crecimiento es mucho más lento. Por ello, en las primeras edades del arbolado, la dosis 
de lodo de depuradora a aplicar será aquella que garantice un crecimiento adecuado del 
pasto, siempre que no perjudique al arbolado. En algunos casos las necesidades de 
fertilización pueden ser menores que en un sistema agrícola tradicional, debido a la 
mejora en el ciclo de nutrientes que se produce en los sistemas agroforestales (López-
Díaz, 2004). 
A pesar de que hay normas generales para un uso adecuado de lodos de 
depuradora urbana en relación a la dosis a aportar, su potencial contaminante depende, 
entre otros aspectos, de las condiciones climáticas del año concreto de aplicación, así 
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como del suelo. En estudios realizados en el País Vasco con Pinus radiata D. Don por 
Egiarte et al. (2009) se ha observado que hasta una dosis 2,4 t ha año-1 de lodo 
depuradora no había riesgo de contaminación de las aguas subterráneas, pero si la dosis 
se incrementaba hasta 60 t ha año-1 se producía contaminación de los acuíferos 
subterráneos por exceso de NO3--N y NH4+-N, con picos de 104,2 y 48,7 mg l-1, 
respectivamente. 
 
2.6.6. Efecto del aporte de lodo sobre el suelo  
La aplicación de lodo afecta a las propiedades físicas y químicas del suelo. En el 
caso de las propiedades físicas, este tipo de residuos mejora la estructura y la estabilidad 
de los agregados, gracias al aporte de materia orgánica que se realiza, lo que da lugar a 
un incremento en la permeabilidad y en la retención hídrica (Navarro-Pedreño, 1995). 
En cuanto a las propiedades químicas podemos destacar: 
 
a) Efecto del aporte de lodo sobre el pH del suelo 
El efecto del aporte del lodo de depuradora urbana sobre el pH del suelo 
depende del tipo de lodo que se emplee y del suelo en el que se aplique. Estudios 
desarrollados en suelos muy ácidos muestran un incremento del pH debido al aporte de 
cationes que se realiza, en especial Ca (López-Díaz et al., 2007). Sin embargo, en suelos 
de menor acidez o próximos a la neutralidad,, el incremento del pH del suelo no resulta 
ser relevante (Mosquera-Losada et al., 2006), debido a que el aporte de lodo incrementa 
en mayor medida la producción de pasto y el crecimiento del arbolado, lo cual supone 
una importante extracción de cationes del suelo. 
 
b) Efecto del aporte de lodo sobre el contenido de materia orgánica del suelo 
La fertilización con lodos a corto plazo no suele producir modificaciones en los 
contenidos de materia orgánica del suelo (López-Mosquera et al., 2002), debido a que 
las dosis aplicadas no son lo suficientemente elevadas como para que se note un efecto 
en un primer momento en los suelos de Galicia y al incremento en el ritmo de 
mineralización (López-Díaz et al., 1999). Sin embargo, con las sucesivas aplicaciones 
de lodo al suelo el incremento en el contenido de materia orgánica se va haciendo más 
evidente (Andrade-Couce et al., 1985; Tsadilas et al., 1995; Krebs et al., 1998) y 
aumenta al hacerlo las dosis aplicadas (Canet et al., 1996). En sistemas silvopastorales 
establecidos en Galicia con Pinus radiata D. Don se observó un incremento de la 
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materia orgánica del suelo debido a la fertilización con lodo y a los insumos de materia 
orgánica procedentes de los restos del arbolado y del pasto (Fernández-Núñez et al., 
2010a). 
 
c) Efecto del aporte de lodo sobre la CIC del suelo 
La capacidad de intercambio catiónico de un suelo puede verse mejorada tras el 
aporte de lodo, sobre todo en suelos arenosos y si se incrementa el contenido de materia 
orgánica (Piccolo et al., 1992). Sin embargo, también existen suelos en los que esto no 
ocurre, debido a la rápida mineralización del lodo o a que el suelo al que se aporta posee 
una elevada proporción de materia orgánica en comparación a la aplicada con el lodo 
(Gigliotti et al., 2001). Así, el aporte de lodo ocasionó un incremento de la fertilidad del 
suelo en terreno de monte al ser el Al reemplazado por el Ca en el complejo de cambio 
(López-Díaz et al., 2007) y este efecto no fue observado en terreno agrícola (Mosquera-
Losada et al., 2006). 
 
d) Efecto del aporte de lodo sobre los niveles de macronutrientes del suelo 
El efecto sobre los niveles de macronutrientes en el suelo varía en función del 
tipo de estabilización que haya sufrido el lodo antes de ser empleado (Mosquera-Losada 
et al., 2010b), de la dosis aplicada, de la tasa de mineralización y del tipo de suelo en el 
que se aporta. Los lodos procedentes de digestión anaeróbica y aeróbica poseen una 
menor proporción de cationes que los compostados, que son a su vez menos ricos en 
nitrógeno (Mosquera-Losada et al., 2010b).  
En general, la aplicación de lodo de depuradora urbana al suelo produce un 
incremento de los niveles de nitrógeno en el mismo (Rodríguez-Barreira 2007), lo que 
se relaciona con el aumento de materia orgánica. Por otra parte, el incremento del pH 
debido a la aplicación del lodo de depuradora sobre suelos ácidos deriva de la reducción 
de la presencia de aluminio en el complejo de cambio, debido a los aportes de calcio 
que se producen con este residuo, tal y como encontraron Andrade-Couce et al., (1985), 
Vivekanandan et al., (1991) y López-Díaz (2004). Otros estudios demuestran un 
aumento de la presencia de fósforo total, principalmente cuando existe una carencia del 
mismo (Mosquera-Losada et al., 2008b), del nitrógeno disponible y del fósforo 
intercambiable (Cucci et al., 2008). En relación al magnesio, la aplicación de lodo 
aumenta los niveles de este elemento en el suelo e incrementa su disponibilidad al 
aumentar el pH del suelo (Vivekanandan et al., 1991; López-Mosquera et al., 2002; 
Introducción  Parte II 
 37
López-Díaz, 2004). Finalmente, la cantidad de sodio también suele incrementarse 
debido a la descomposición de estos residuos (López-Mosquera et al., 2002), aunque 
este efecto se reduce con el tiempo debido a la alta solubilidad de este elemento. Hay 
que señalar, que en algunos estudios (Giddens et al., 1997; Mosquera-Losada et al., 
2006) se observó un incremento de la concentración del sodio en el suelo que no se 
atribuyó a la fertilización, ya que la cantidad de sodio aumentaba debido a que el 
arbolado interceptaba en el aire sal procedente del mar y este se transfería al suelo. 
 
e) Efecto del aporte de lodo sobre los niveles de micronutrientes y metales 
pesados del suelo 
Hay que tener en cuenta que debido a su naturaleza, los lodos de depuradora 
pueden contener elementos como los metales pesados que, a determinada concentración, 
pueden encontrarse disponibles para las plantas, con la posibilidad de producirse su 
entrada en la cadena trófica y provocar problemas de toxicidad. Por lo tanto, uno de los 
principales problemas del uso de lodos de depuradora urbana en la agricultura está 
relacionado con el mayor nivel de metales pesados que poseen en comparación con el 
suelo (Smith, 1996; Mosquera-Losada et al., 2010b). Si bien los suelos tienen cierta 
capacidad para retener contaminantes, cuando esta capacidad se excede se pueden 
producir daños en los recursos naturales, tales como aguas superficiales y subterráneas, 
plantas y animales, incluido el hombre (Calmano et al., 2001), ya que los metales 
pesados son carcinogénicos y pueden provocar importantes alteraciones en la fisiología 
y funcionamiento de plantas y animales. Por otra parte, y según McGrath et al., (1995), 
los metales pesados contenidos en el lodo pueden actuar como contaminantes en el 
suelo reduciendo la riqueza de microorganismos y causando problemas en la fertilidad 
edáfica. Por ello, el uso de los lodos de depuradora urbana como fertilizante está 
regulado tanto a nivel europeo, Directiva Europea 86/278/CEE (UE, 1986), como 
nacional, RD 1310/90 (BOE, 1990), siendo mucho más restrictivas estas regulaciones 
en el caso de los suelos ácidos, debido al incremento de la disponibilidad de los metales 
en los mismos (Figura 2.10), ya que la disponibilidad de algunos elementos como el 
hierro, manganeso, zinc y cobre aumenta cuando el pH del suelo pasa de básico a ácido 
(Porta et al., 2003). 
En este sentido, para el empleo de lodo como fertilizante interesan los lodos 
procedentes de efluentes urbanos con una preponderancia doméstica igual o superior al 
70% del volumen de agua tratado, así como los que se obtengan de efluentes 
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industriales con un origen exclusivamente agroalimentario, ya que esto limitaría 
considerablemente la cantidad de metales pesados. Las aguas residuales con un 
componente industrial superior al 30% y las que proceden de operaciones industriales 
no agroalimentarias se considera que generan lodos con un mayor contenido en metales 
pesados, lo que limitaría de forma considerable su empleo agrícola. 
 
 
Figura 2.10: Disponibilidad de los nutrientes en relación con el pH según el tipo de suelo (Fuente: Porta 
et al., 2003). 
 
El efecto del lodo de depuradora sobre los niveles de metales pesados en el suelo 
va a depender de la concentración de metales pesados del fango. Así, el lodo suele tener 
elevados niveles de hierro y, entre los metales pesados regulados por la legislación 
española (cromo, zinc, cobre, mercurio, cadmio, níquel y plomo), es más rico en zinc y, 
por este orden, en cobre y cromo (Smith, 1996; Mosquera-Losada et al., 2010b). Por lo 
tanto, los principales riesgos de toxicidad son debidos al zinc, que es fácilmente 
absorbido, así como al cobre, que junto al zinc y al níquel pueden existir en gran 
cantidad en las aguas residuales contaminadas por las industrias. El cadmio es el 
elemento que más probabilidades tiene de ser tóxico para las personas que consumen 
productos procedentes de suelos tratados con lodos residuales, por ser fácilmente 
absorbido por las plantas. Afortunadamente, el plomo y el cromo, que son los 
principales contaminantes de ciertas zonas, no son absorbidos con tanta facilidad por las 
Introducción  Parte II 
 39
plantas como el cadmio. Estos elementos son acumulables en el suelo y pueden pasar 
bastantes años hasta que desaparezcan sus efectos tóxicos (Simpson, 1986; Pomares y 
Canet, 2001). 
En general el aporte de lodo durante períodos de tiempo prolongados provoca 
aumentos en el suelo del contenido de hierro (López-Díaz, 2004), manganeso (Andrade-
Couce et al., 1985; López-Díaz, 2004), cromo (Kabata-Pendías y Pendías, 2001), zinc, 
cobre y plomo (Andrade-Couce et al., 1985; Mosquera-Losada et al., 2010b, 2009b), 
cadmio (Canet et al., 1998) y níquel (Canet et al., 1996; López-Díaz, 2004; Rodríguez-
Barreira, 2007), siendo la disponibilidad del plomo reducida debido a que este elemento 
se liga a la materia orgánica del suelo (Canet et al., 1998). 
 
2.6.7. Efecto del aporte de lodo sobre el crecimiento del arbolado en sistemas 
silvopastorales 
El aporte de lodos de depuradora como fertilizante suele mejorar el desarrollo 
del arbolado de especies de crecimiento rápido (Wolstenholme, 1992) en comparación 
con los abonos minerales de liberación más rápida, ya que el lodo es un abono que 
libera lentamente los nutrientes, lo que es sumamente importante para que el árbol, con 
menor tasa de crecimiento que el pasto, sea capaz de aprovechar mejor los nutrientes 
liberados, en comparación con los abonos minerales de liberación más rápida. 
El efecto del aporte del lodo sobre el crecimiento del arbolado va a depender de 
la relación de competencia pasto-arbolado. Así, en terrenos agrícolas, cuando se realizan 
aportes de fertilizante inorgánico en un sistema silvopastoral desarrollado con Pinus 
radiata D. Don, se observa que aumenta la producción de pasto, lo que merma 
inicialmente el desarrollo del arbolado; sin embargo, cuando no se fertiliza se produce 
una merma en la producción de pasto, lo que incrementa el crecimiento del arbolado 
(Rigueiro-Rodríguez et al., 2000). El aporte de lodos mejora la producción de pasto,, al 
liberar nutrientes y mejorar la capacidad de retención de humedad del suelo, 
favoreciendo también el desarrollo del arbolado (Rigueiro-Rodríguez et al., 2000). Sin 
embargo, en terrenos de monte, cuando las dosis de lodo aplicadas son bajas, el 
crecimiento del arbolado es menor (López-Díaz et al., 2007), al aumentar el pH del 
suelo y liberarse nutrientes del lodo en mayor medida, lo que favorece la producción de 
pasto, que ejerce una fuerte competencia con el arbolado, reduciendo su crecimiento. 
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2.6.8. Efecto del aporte de lodo sobre el pasto en sistemas silvopastorales 
a) Efecto del aporte de lodo sobre la producción de pasto 
Existen diversas investigaciones que estudian el efecto de la fertilización con 
lodo sobre la producción de pasto en Galicia (Mosquera-Losada et al., 2006; López-
Díaz et al., 2007; Rigueiro-Rodríguez et al., 2008b) y en otras partes del mundo 
(Sibbald et al., 2001; Etienne, 2005; Pontes et al., 2007). 
El efecto de la fertilización con lodo sobre la producción de pasto en sistemas 
agroforestales depende de la capacidad de desarrollo del pasto, que se ve afectada por la 
cantidad de luz que le llega y, por tanto, por la cobertura forestal. En sistemas 
silvopastorales muy densos o con coberturas elevadas la respuesta del pasto a la 
fertilización está muy mermada debido a la falta de luz; sin embargo, en plantaciones 
jóvenes o con coberturas reducidas, la producción de pasto en sistemas exclusivamente 
pascícolas o en sistemas silvopastorales se ve favorecida tal y como ocurre en masas 
con Pinus radiata D. Don, tanto en suelos forestales (Mosquera-Losada et al., 2001; 
López-Díaz et al., 2007; López-Díaz et al., 2009) como en suelos agrícolas (Mosquera-
Losada et al., 2006), en masas de Betula alba L. (Mosquera-Losada et al., 2006), de 
Populus x canadensis Moench (Mosquera-Losada et al., 2010c), Ecalyptus globulus 
Labill. y Pinus pinaster Aiton. (Mosquera-Losada y Rigueiro-Rodríguez, 2007). 
 
b) Efecto del aporte de lodo sobre la composición botánica 
En general, el empleo de lodos de depuradora incrementa la presencia de las 
especies gramíneas sembradas en el pasto (Mosquera et al., 2001; López-Díaz, 2004), 
que son más exigentes en fertilidad edáfica, en comparación con especies del género 
agrostis, con lo que se mejora la calidad y productividad del pasto (Mosquera et al., 
1999). La respuesta a la fertilización orgánica es mayor en el caso de las gramíneas que 
en el de las leguminosas, ya que las primeras se benefician de los aportes de nitrógeno, 
perjudicándoles a las segundas dosis superiores a 120 kg N ha-1 (González, 1992; 
López-Díaz et al., 1999). En estudios realizados por Mosquera-Losada et al., (2009a) en 
sistemas silvopastorales establecidos con Pinus radiata D. Don, se encontró un aumento 
del número de especies vegetales vasculares después de seis años de experimento 
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c) Efecto del aporte de lodo sobre la calidad del pasto 
El efecto de la aplicación de lodo de depuradora sobre la calidad de pasto va a 
depender de las dosis de lodo aplicadas y de la presencia de especies sembradas en el 
pasto (López-Díaz et al., 2007). En diversos estudios llevados a cabo en suelos ácidos se 
ha observado que la aplicación de lodo de depuradora incrementaba el pH del suelo y 
por lo tanto reducía el porcentaje de saturación del Al en el complejo de cambio, 
provocando así un aumento de las especies sembradas (Lolium perenne L., Dactylis 
glomerata L. y Trifolium repens L.), mejorando la calidad del pasto (López-Díaz et al., 
2007; Rigueiro-Rodríguez et al., 2007). El efecto contrario fue encontrado por Rigueiro-
Rodríguez et al. (2005c) en un estudio en el que la proporción de especies no sembradas 
era mucho mayor que el de las especies sembradas. En general, se puede decir que el 
uso del lodo de depuradora urbana como fertilizante incrementa las concentraciones en 
el pasto de proteína (Whitehead, 1995; López-Díaz, 2004), de fósforo (Vivekanandan et 
al., 1991; López-Díaz, 2004; Rodríguez-Barreira, 2007), de potasio (Tiffany et al., 
2000a; López-Díaz, 2004), de calcio (Mosquera et al., 2001; López-Díaz, 2004), de 
sodio (Tiffany et al., 2000a) y de magnesio (Vivekanan et al., 1991; Tiffany et al., 
2000a; López-Díaz, 2004). 
Por otro lado, los metales pesados contenidos en los lodos de depuradora pueden 
ser absorbidos por las plantas, Y si éstas no se extraen vuelven a restituir nuevamente 
estos elementos al suelo en forma relativamente asimilable, lo que provocará con el 
tiempo una acumulación de metales pesados con posibilidad de un creciente efecto 
nocivo. Si por el contrario la cosecha se destina a la alimentación animal, el riesgo 
podrá ser más grave o por lo menos más inmediato (Costa-Yagüe et al., 1987). De todas 
formas, hay que tener en consideración, que uno de los factores principales para la 
posibilidad de acumulación de los metales pesados es el tipo de planta que se desarrolla 
en el suelo fertilizado con lodos de depuradora, ya que las especies vegetales tienen una 
tolerancia muy variable con respeto a los metales tóxicos, existiendo también 
diferencias de tolerancia para una misma especie. Así, por ejemplo, Lolium perenne L. 
puede acumular concentraciones importantes de níquel y plomo cuando se desarrolla en 
suelos con altos contenidos de estos elementos (Sanders et al., 1986; Alloway, 1995), al 
igual que sucede con las leguminosas y las especies del género Agrostis con el níquel 
(Virgel-Mensaka, 2002), y con Agrostis capillaris L. en sustratos que presentan 
elevadas concentraciones de cadmio (Fergusson, 1990). En cambio, la concentración de 
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cromo del raigrás inglés suele encontrarse por debajo del límite de detección (Smith, 
1996).  
En general, en diferentes estudios se ha visto que el uso del lodo de depuradora 
urbana como fertilizante incrementa las concentraciones en el pasto de cobre (Mosquera 
et al., 2001; Tiffany et al., 2000b; Mosquera-Losada et al., 2009b), de zinc (Loué, 1988; 
Mosquera-Losada et al., 2009b), de Mn (Williams et al., 1997) y de cadmio (Tsadillas et 
al., 1995). Sin embargo, no se ha encontrado que la aplicación del lodo de depuradora al 
suelo provoque modificaciones en la concentración de hierro (Tiffany et al., 2000b), 
cromo (Hamon et al., 1999; López-Díaz, 2004) y plomo (Canet et al., 1998; López-
Díaz, 2004) en el pasto. En cuanto al contenido de níquel en planta, éste depende de la 
disponibilidad de níquel en el suelo; así, Sanders et al. (1986) observó un incremento de 
este elemento en la planta al emplear este tipo de residuos en un suelo básico en el que 
se produjo una reducción de pH, mientras que en Galicia López-Díaz (2004) observó un 
incremento de níquel en planta proporcional a la dosis de fertilizante orgánico empleado 
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3.1. ABSTRACT 
In silvopastoral systems, tree growth and the composition and productivity of pasture 
can be modified by management practices such as initial fertilization when tree 
seedlings are more sensitive to understorey competition. The aim of this study was to 
compare the effects of fertilization with different types of sewage sludge (anaerobic 
sludge, composted sludge and pelletized sludge), using different rates of incorporation 
and mineralization with traditional treatments (with and without mineral fertilizers) on 
the growth of newly established ash (Fraxinus excelsior L.) and on pasture 
development, to obtain sustainable management practices that enhance the growth of 
both components. Soil characteristics, tree growth, sward composition and pasture 
development were modified differently according to the type of sewage sludge used, 
and for similar total N inputs. Anaerobic sludge had a higher initial effect on both tree 
and pasture productivity. Pelletized sludge sustained better tree and pasture production. 
Composted sludge was found to be the most appropriate treatment for improving soil 
characteristics over the long term on sandy soils. It was concluded that pelletized sludge 
should be promoted because it enhances productivity, allows for better nutrient recovery 
and is less costly to store and apply compared with anaerobic sludge and composted 
sludge. No toxic concentrations of Zn or Cu were found in plants or in the soil despite 
higher concentrations being present in the applied sludge than in soil. 
 
Keywords: agroforestry; Zn; waste; afforestation; land use change; Spain 
 
3.2. INTRODUCTION 
Silvopastoral systems are a type of agroforestry systemin which trees and 
grazing are combined, resulting in benefits for wood production (with long-term 
economic returns) and livestock (with short-term economic returns) (Rigueiro-
Rodríguez et al., 2005a). Agroforestry systems are sustainable land management 
techniques that are promoted by the EU (Council Regulation 1698 ⁄ 2005 (UE, 2005)). 
Agroforestry systems have also received favourable evaluations from farmers in 
Europe; for example, a sample of 214 farmers interviewed in fourteen areas of Europe, 
half indicated they would attempt silvo-arable agroforestry on their farm (Graves et al., 
2008). 
In the early stages of the development of silvopastoral systems established 
through afforestation, competition between trees and pasture can be high (Nair and 
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Graetz, 2004; Rigueiro-Rodríguez et al., 2008a). In newly established systems, adequate 
management should aim to optimize silvopastoral outputs through the selection of trees 
and pasture species as well as through fertilization inputs. Shrub development should be 
avoided through frequent clearing in order to avoid shrub–tree competition and fire risk 
(Rigueiro-Rodríguez et al., 2009). Moreover, in early stages of establishment pasture–
tree competition should be avoided, either through mulching or by providing forage for 
grazing animals (Wagner et al., 2006). 
The European Ash (Fraxinus excelsior L.) is a widely distributed tree species 
that integrates well into silvopastoral systems in the Atlantic biogeographic region of 
Europe (McAdam and Hoppé, 1996; McAdam and Sibbald, 2000). European ash trees 
possess apical dominance and deep roots that avoid root competition between trees and 
pasture; these roots enhance nutrient recovery from the deep soil layer up into the 
system, making them compatible with silvopastoral systems. Moreover, as a deciduous 
species, it allows better light penetration than conifers during the autumn and early 
spring, and provides shading during the summer, thereby reducing evapotranspiration 
and thus enhancing pasture production when compared with pasture under conifers or 
on open pasture sites. The open crowns of ash trees also allow light to reach the pasture 
surface, and they do not intercept much rain (McEvoy, 2004). The most appropriate 
pasture species for silvopastoral system implementation are those that are well adapted 
to shading, such as Dactylis glomerata L. (Mosquera-Losada et al., 2001, 2006). 
However, legume species also enhance pasture quality and production as well as tree 
growth (Whitehead, 1995; López-Díaz et al., 2009) 
In Galicia, the natural soils have low fertility due to their acidity (Zas and 
Alonso, 2002). This acidity implies a high concentration of saturated aluminium in the 
exchange complex and low cation and phosphorus availability (Prasad and Power, 
1997; Rigueiro-Rodríguez et al., 2007). The EU promotes the use of sewage sludge as a 
fertilizer because of its specific organic matter and content of macronutrients, 
particularly N (MMA, 2006). However, a higher concentration of heavy metals (mainly 
Zn and Cu) in sewage sludge than is normally found in soil, as well as long-term sludge 
loadings, limits the use of sewage sludge according to the Spanish (R.D. 1310 ⁄ 1990; 
BOE, 1990) and European Directives (86 ⁄ 278 ⁄ CEE; UE, 1986) in order to prevent 
harmful effects on soil and vegetation, and on animal and human health. 
Anaerobic digestion and composting are two sewage sludge stabilization 
processes which are promoted by the EU (EEA, 2000) before the sludge is used as a 
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fertilizer in agriculture. However, sewage sludge stabilized by these processes contains 
a high proportion of water. Pelletized sewage sludge is derived from the thermic 
treatment of anaerobic digested sewage sludge in order to reduce water content to 2%, 
which consequently reduces storage, transport and spreading costs compared with 
anaerobic or composted sludge (COM) (Mosquera-Losada et al., 2010b). Each type of 
sewage sludge has different characteristics, nutrient contents (Mosquera-Losada et al., 
2010b) and rates of incorporation into the soil according to the treatment stabilization 
(EPA, 1994) and the specific local climate.  
The aim of this study was to evaluate the effects of municipal sewage sludge that 
has been stabilized by either anaerobic digestion, composting or pelletization, on 
changes in soil chemical properties, tree growth, understorey production, biodiversity in 
terms of sward botanical composition and quality of pasture compared with treatments 
(receiving either mineral fertilizers or no fertilization) in a silvopastoral system under F. 
excelsior L. during a 4-year period. 
 
3.3. MATERIALS AND METHODS 
3.3.1. Characteristics of the study site 
The experiment was conducted in A Pastoriza (Lugo, Galicia, NW Spain, 
European Atlantic Biogeographic Region; t 43' 14 N, 7º 21' W; 550 m a.s.l.). Figure 3.1 
shows the mean monthly precipitation and temperatures for 2005, 2006, 2007 and 2008 
and the previous 30-year mean. Total annual rainfall was 824.3, 1157.5, 734.4 and 
1222.3 mm in 2005, 2006, 2007 and 2008 respectively. Very low precipitation was 
observed in 2005 and 2007 compared with the 30-year mean. There were periods of 
drought from April to July 2006 and from June to October 2008, which would have 
been unfavourable for tree growth and pasture production during these periods. The 
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Figure 3.1: Monthly precipitation and mean temperatures for the study area in 2005, 2006, 2007 and 
2008, and mean data for the last 30 years. T: mean monthly temperature (ºC); T30: 30-year mean 
temperature; P, mean monthly precipitation (mm); and P30: 30-year mean precipitation. 
 
The experiment was carried out on abandoned agricultural land. The soil texture 
at the start of the experiment was sandy (91.81 sand, 4.92 silt and 3.27% clay) and pH 
(water) was moderately acidic at 5.6. Although the initial soil Mehlich 3-P 
concentration (35.1 mg kg-1) can be considered high (Sawyer et al., 2008), no risk of P 
leaching has been found in the area because of the high soil acidity, which leads to a soil 
P storage capacity (Mosquera-Losada et al., 2008b). All heavy metal concentrations in 
the soil (Table 3.1) were below the maximum threshold for using sewage sludge as 
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fertilizer as specified by the European Union Directive 86 ⁄ 278 ⁄ CEE (UE, 1986) and 
Spanish legislation under R.D. 1310 ⁄ 1990 (BOE, 1990). 
 
 Heavy metal concentrations (mg kg
-1) 
Soil  Cd   Cu   Cr   Ni Pb  Zn 
Initial soil 
concentration - 5.8 4.1 2.1 - 20.6 
Spanish law 
limits  1-3 50-210 100-150 30-112 50-300 150-450 
Table 3.1: Heavy metal concentrations in the soil at the beginning of the experiment and legal limits 
established by European Directive 86/278 and Spain R.D. 1310/1990. Limits depend on soil pH 
(minimum: soil pH<7, maximum: soil pH>7). Concentrations of Cd and Pb were below detection limit of 
the technique used for determination.  
 
3.3.2. Experimental design 
At the beginning of the experiment, the soil was double ploughed to a depth of 
50 cm, which is traditional practice in the area, and the pasture was sown with a mixture 
of D. glomerata L. var. Artabro (12.5 kg ha-1), Lolium perenne L. var. Brigantia (12.5 
kg ha-1) and Trifolium repens L. var. Huia (4 kg ha-1) in autumn 2004. Bare-rooted 1-
year old plants of F. excelsior L. (typical height of 25 cm) were planted at a density of 
952 trees ha-1, with a distance between rows of 3.0 x 3.5 m. The experimental design 
was a randomized block with three replicates and five treatments distributed in 
experimental units of 168 m2 with twenty-five trees arranged in a frame of 5 x 5 trees. 
The treatments consisted of (i) no fertilization (NF); (ii) mineral fertilization (MIN) 
with 500 kg ha-1 8:24:16 compound fertilizer (N:P2O5:K2O) at the beginning of the 
growing season and 40 kg N ha-1 after first harvest (MIN); (iii) fertilization with 
anaerobically digested sludge with an input of 320 kg total N ha-1 before pasture sowing 
(ANA); (iv) fertilization with composted sewage sludge with an input of 320 kg total N 
ha-1 before pasture sowing (COM) and (e) application of pelletized sewage sludge, 
which involved a total input of 320 kg total N ha-1 split into 134 kg total N ha-1 just after 
pasture sowing in 2004, and 93 kg N ha-1 at the end of 2005 and 2006, which 
correspond to similar total inputs of 320 kg total N ha-1 (PEL). Based on previous 
experiments in the area and EPA (1994) recommendations, it was assumed that 
approximately 0.25 of the total N would be mineralized in the first year if compost or 
anaerobic sludge was added, and therefore approximately 80 kg N ha-1 year-1 was 
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applied. There was no available information about the pellet fertilizer, but a total similar 
input of 320 kg total N ha-1 during the experiment was used. 
 
3.3.3. Sewage sludge 
Anaerobically digested sewage sludge, COM and pelletized sludge (PEL) were 
taken from municipal waste treatment plants at Lugo, Valladolid and Madrid 
respectively. 
The calculation of the required amounts of sludge was conducted according to 
the percentage of the total N and dry-matter contents EPA (1994), taking into account 
the European Union Directive 86 ⁄ 278 ⁄ CEE (UE, 1986) and Spanish regulation 
R.D.1310 ⁄ 1990 (BOE, 1990) regarding heavy metal concentrations for the application 
of sewage sludge on to soil. The composition of the sewage sludge is summarized in 
Table 3.2.  
The sludge used in the present experiment had a similar composition to the mean 
composition of the sludge described for plants all over Spain (Mosquera-Losada et al., 
2010b). The proportion of N in the sludge was higher than the P and K concentrations in 
the sludge. As the calculations of the required amounts of sludge were based on N and 
pasture N, and as P needs are similar, contamination by phosphorus is not likely to 
occur. Furthermore, the acidity of the soil would prevent P from leaching from the soil 
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Dry matter (%) 29.47 65.19 95.4  
pH 7.25 7.28 7.25  
N (g kg-1) 26.2 8.8 35.5  
P (g kg-1) 21.4 3.9 10.7  
K (g kg-1) 1.9 2.7 1.8  
Ca (g kg-1) 6.0 49.8 60.6  
Mg (g kg-1) 4.5 14.7 12.4  
Na (g kg-1) 1.0 0.4 0.7  
Fe (g kg-1) 19.6 12.8 141.5  
Cr (mg kg-1) 92.3 3.9 16.6 1000-1500 
Cu (mg kg-1) 238.5 121.2 136.1 1000-1750 
Ni (mg kg-1) 69.5 95.3 91.9 300-400 
Zn (mg kg-1) 1752.3 753.1 1130.4 2500-4000 
Cd (mg kg-1) 14.4 <0.01 <0.01 20-40 
Pb (mg kg-1) 281.1 104 58.5 750-1200 
Mn (mg kg-1) 248.3 90.5 108.8  
 Total heavy metal inputs per treatment 







Cr (kg ha-1) 1.39 0.14 0.21 3 
Cu (kg ha-1) 3.59 4.47 1.76 12 
Ni (kg ha-1) 1.04 3.51 1.18 3 
Zn (kg ha-1) 26.43 27.76 14.63 30 
Cd (kg ha-1) 0.21 <0.001 <0.0001 0.15 
Pb (kg ha-1) 3.74 3.33 1.40 15 
Table 3.2: Chemical properties of the sewage sludge applied, total loadings supplied with the inputs of 
different types of sludge in this experiment and legal limits established by Spanish directive R.D. 
1310/1990. Limits depend on soil pH (minimum: soil pH<7, maximum: soil pH>7). Lower section shows 
total loadings supplied with the inputs of different types of sludge in this experiment. 
 
3.3.4. Field samplings and laboratory determinations 
Soil samples were collected to a depth of 25 cm, as described in the RD 1310 ⁄ 
1990 (BOE, 1990) in February 2006, January 2007 and January 2008. In the laboratory, 
soil pH was determined in water (1:2.5) (Guitián and Carballás, 1976). The aluminium 
concentration in the exchange complex and the exchangeable cations were determined 
by extraction with 0.3 M BaCl2. The K, Ca, Mg and Na exchangeable concentrations 
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were measured with a Varian 220FS Spectrophotometer (Varian, Walnut Creek, CA, 
USA) using the atomic emissions for K and Na and the absorptions for Ca and Mg. 
Aluminium concentrations were analysed after valoration with 0.01 N NaOH, using 
phenolphthalein (1%) in an alcohol-based solution as an indicator (Mosquera and 
Mombiela, 1986). The effective exchange capacity (EEC) was determined by taking the 
sum of K+ Ca+ Mg+ Na+ Al and the aluminium percentage saturation using the 
quotient Al ⁄ EEC. The total soil Ca, Cu and Zn concentrations were determined after 
microwave digestion (CEM, 1994), and the available Ca, Cu and Zn were measured 
after extraction with Mehlich (1985) with the Varian 220 FS Spectrophotometer using 
atomic absorption. 
Base tree height and diameter were measured with a graduated ruler and a 
calliper, respectively, at the beginning of 2005, 2006, 2007 and 2008. 
Pasture production was determined randomly by taking four samples of pasture 
at a height of 2.5 cm per plot (0.3 m x 0.3 m) using an electric hand clipper in August 
and December 2005; June and December 2006; April, June and December 2007 and 
May and December 2008 before all of the plots were grazed by mature sheep (Galician 
breed) at a stocking rate of fifty sheep over the whole experimental area (2520 m2) 1 
week after sampling. Two pasture samples were dried for 48 h at 60ºC and weighed to 
estimate pasture production. The other two samples were separated by hand to 
determine the proportions of the different plant species and the senescent material, and 
then dried (60ºC for 72 h) to determine the botanical composition on a dry weight basis. 
Annual abundance diagrams (Magurran, 1988) were made which excluded senescent 
material. The total Zn in the harvested pasture herbage was determined by microwave 
digestion with nitric acid (CEM, 1994). 
 
3.3.5. Statistical analysis 
The data were analysed using ANOVA, and the differences between the 
averages were determined using the LSD test (at the alpha level of 0.05) using the SAS 
statistical package (SAS, 2001). All soil variables (soil water pH, EEC, Al saturation 
percentage, total (Cu and Zn) and Mehlich (Ca, Cu and Zn) soil concentrations) were 
analysed using the ANOVA model (Yij = μ + Bi + Tj + Yk + BTij + TYjk + BYik + εijk), 
where μ is the mean; Bi is block (two freedom degrees); Tj is treatment (four freedom 
degrees); Yk is year (three freedom degrees), BTij (block treatment interaction (eight 
freedom degrees), TYjk is treatment year interaction (twelve freedom degrees); BYik is 
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block year interaction (six freedom degrees) and εijk is the error term. All tree and 
pasture variables were analysed using the ANOVA model (Yij = μ + Bi + Tj + εijk), 
where μ is the mean; Bi is block (two freedom degrees); Tj is treatment (four freedom 




3.4.1. Soil chemical properties 
3.4.1.1. pH in water, effective exchange capacity (EEC), aluminium saturation 
percentage and Ca extracted by Mehlich 
Composted sludge (COM) increased the mean soil pH (P < 0.01) and the amount 
of mean Ca extracted by Mehlich (P < 0.05), but the effect on ECC was not significant 
(P > 0.05). Because of these modifications (Figure 3.2), the mean percentage of 
aluminium saturation decreased with this type of sludge application (P < 0.01). There 
was a significant effect of year (P < 0.001) on soil pH (2006: 5.6a; 2007: 5.5b and 2008: 
5.27c); on EEC (2006: 8.6b; 2007: 10.31a and 2008: 9.99a expressed as cmol (+) 100 g-1 
soil); on aluminium saturation percentage (2006: 17.24b; 2007: 24.15a and 2008: 11.66c) 
and amount of Ca extracted by Mehlich (2006: 0.69b; 2007: 0.25c and 2008: 1.43a 
expressed as mg kg-1) (in all cases different superscript letters indicate significant 
differences between years). The soil pH and aluminium saturation percentage were 
lower at the end of the study (2008) than at the beginning of the study (2006), whereas 
the EEC and the amount of Ca extracted by Mehlich were higher in 2008 than in 2006. 
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Figure 3.2: Soil pH in water (a), exchange capacity (cmol (+) kg-1) (b), aluminium saturation percentage 
in soil exchange complex (%) (c) and amount of Ca extracted by Mehlich (%) (d) in each treatment in the 
years 2006, 2007 and 2008. NF, no fertilization; MIN, mineral; ANA, anaerobic sludge; COM, 
composted sludge and PEL, pelletized sludge. Different letters indicate significant differences between 
treatments. Vertical lines indicate mean standard error. 
 
3.4.1.2. Total and Mehlich extracted Cu and Zn 
The total and Mehlich soil levels of Cu and Zn in 2006, 2007 and 2008 are 
presented in Figure 3.3. The mean total Cu and Zn were significantly affected by the 
treatments (P < 0.001 and P < 0.05 respectively). There was a significant effect of year 
on total Cu (P < 0.001), total Zn (P < 0.001) and on the Zn extracted by Mehlich (P < 
0.001). In the case of the Cu extracted by Mehlich, the interaction of treatment x year 
was significant (P < 0.01). All of the variables were increased by COM, and total Zn 
was increased by anaerobic sludge (ANA) compared with the other treatments. The total 
soil Cu and Zn found in the experiment were below the maximums set by Spanish 
regulations for the use of sewage sludge in agriculture for acid soils (Cu: 50 mg kg-1 and 
Zn: 150 mg kg-1) (R.D. 1310 ⁄ 1990, (BOE, 1990)). The concentrations of total Cu and 
Zn and Zn extracted by Mehlich were lower in 2008 than in 2006. 
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Figure 3.3: Total Cu (mg kg-1) (a) and total Zn concentration (mg kg-1) (c) in soil and amount of Cu (mg 
kg-1) (b) and amount of Zn (mg kg-1) (d) extracted by Mehlich in each treatment in the years 2006, 2007 
and 2008. NF, no fertilization, MIN, mineral; ANA, anaerobic sludge; COM, composted sludge and PEL, 
pelletized sludge. Different letters indicate significant differences between treatments. Vertical lines 
indicate mean standard error. 
 
3.4.2. Tree height and diameter 
The average tree heights for each treatment in 2005, 2006, 2007 and 2008 are 
shown in Table 3.3. In all 2 years of the study, tree height was significantly modified by 
fertilization treatment (Table 3.4). Initially, the tree height was higher in all treatments 
that received organic fertilizer (ANA, COM and PEL) than the MIN or NF treatments. 
Tree height in 2005 and 2006 was increased by anaerobic (ANA) and PEL compared 
with the mineral fertilization (MIN) and no fertilization (NF) treatments, but this 
positive effect was only found in those plots receiving PEL in 2007 and 2008. Trees 
growing in NF and MIN treatments had the lowest height during the 4 years of the 
experiment. 
Tree diameter (Table 3.3) was significantly modified by fertilization treatment in 
all 4 years of the study, with the exception of 2007, (Table 3.4). In 2005, 2006 and 
2007, tree diameter was increased by ANA compared with the other treatments (NF, 
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MIN, ANA, COM and PEL). In 2008, the COM and PEL treatments resulted in larger 





NF MIN ANA COM PEL 
SE 
2005 32.88 32.33 38 34.85 38.05 0.69
2006 33.65 33.08 39.33 35.8 38.1 0.66




2008 114.36ab 107.56b 103.63b 121.84ab 135a 3.51
2005 5b 4.83b 5.89a 4.7b 5b 0.14
2006 5.12b 5.42b 6.56a 4.8b 5.15b 0.14




 2008 12.55ab 10.81b 12.29ab 13.68a 14.04a 0.37
2005 1.96b 2.98a 3.17a 2.81ab 3.36a 0.14
2006 4.91 3.98 5.15 4.82 5.24 0.18




2008 3.96 4.25 3.37 3.94 4.51 0.14
Table 3.3: Mean values for tree height (cm), tree diameter (mm) and pasture production (t ha-1) under the 
different fertilization treatments in the years 2005-2008. SE: Mean Standard Error, NF: no fertilization, 
MIN: mineral fertilizer; ANA: anaerobic sludge; COM: composted sludge, and PEL: pelletized sludge. 
Different letters indicate differences between treatments within the same year that were significant at 
P<0.05. 
 
 Year Height Diameter Pasture production 
2005 ns * * 
2006 ns ** ns 
2007 ** ns * 
Treatment effect 
2008 * * ns 
Table 3.4: ANOVAs for tree height, diameter and pasture production in 2005, 2006, 2007 and 2008. ns: not-
significant, * P<0.05, **P<0.01, *** P<0.001. 
 
3.4.3. Pasture understorey 
3.4.3.1. Pasture production 
The annual pasture production for the different fertilization treatments in 2005, 
2006, 2007 and 2008 is summarized in Table 3.3. Significant differences were detected 
between the treatments in all years except 2006 and 2008 (Table 3.4). The highest levels 
of pasture production were found in 2007 (4.8–6.5 t ha-1), whereas the lowest values 
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were recorded in 2005 (1.9–3.3 t ha-1). In 2005, there was a positive response to organic 
fertilization (ANA, COM and PEL) and inorganic fertilization (MIN) compared with no 
fertilization (NF), but this effect was only maintained in the PEL treatment until the end 
of the experiment. In the final years of the study (2007–2008), the annual pasture 
production tended to be lower than that of the PEL when the ANA was applied to the 
soil. 
 
3.4.3.2. Pasture abundance diagrams 
Figure 3.4 shows the abundance diagrams for the different fertilization 
treatments in 2005, 2006, 2007 and 2008. Agrostis capillaris L., D. glomerata L., 
Holcus lanatus L. and L. perenne L. were present in the sward in all treatments and in 
all years. The treatments with a high number of species were associated with a higher 
proportion of dicotyledonous species. Agrostis capillaris L. and D. glomerata L. were 
the most dominant species throughout the study. The proportion of A. capillaris L. was 
always over75%in the NF treatment and approximately50%in the other treatments and 
years, with the exception of mineral (MIN) and ANA fertilization in the final year. 
However, the mineral (MIN) and ANA treatments had higher proportions of D. 
glomerata L. in the first years of the study. In the PEL treatment, codominance between 
D. glomerata L. and A. capillaris L. was evident throughout the experiment. In terms of 
species richness, the ANA treatment had the lowest number of species at the start of the 
experiment, but the PEL treatment had the lowest number from 2006 onwards. The 
COM treatment in the second year of the experiment was an exception to this trend, 
exhibiting the lowest number of species. The PEL treatment was dominated by 
monocotyledonous species in the final year than the remaining treatments (NF, MIN, 
ANA and COM). 
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Figure 3.4 Abundance diagrams for the treatments applied in the years 2005, 2006, 2007 and 2008. Aca: Agrostis capillaris L.; Acu: Agrostis curtisii Kerguélen; Cd: Carduus 
sp; Cap: Capsella bursa-pastoris L.; Cen: Centaurea limbata Hoffmanns. / Link; Cer: Cerastium glomeratum Thuill; Di: Digitalis purpurea L.; Dg: Dactylis glomerata L.; 
Gr: Geranium rotundifolium L.; Hl: Holcus lanatus L.; Hm: Holcus mollis L.; J: Juncus effusus L.; Lp: Lolium perenne L.; Ma: Matricaria sp; Or: Ornithopus compressus L.; 
Pl: Plantago lanceolata L.; Poa: Poa pratensis L.; Ps: Pseudarrhenatherum longifolium (Thore) Rouy; Ra: Rumex acetosa L.; Rn: Ranunculus repens L.; Ro: Rumex 
obtusifolius L.; Rp: Raphanus raphanistrum L.; Ru: Rubus sp; Se: Senecio jacobaea L.; So: Sonchus oleraceus L.; St: Stellaria media L. (Vill); Ta: Taraxacum officinale 
Weber; Tc: Trifolium campestre Schreber; Tr: Trifolium repens L.; Ul: Ulex europaeus L.; Ve: Veronica agrestis L. 
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3.4.3.3. Zn and Cu concentrations in pasture 
The concentration of Zn in the pasture was significantly affected by treatments 
in April 2007 (P < 0.01), and May 2008 (P < 0.05) (Figure 3.5). However, Cu levels in 
the pasture were not affected by any treatments (data not shown). In April 2007, the 
concentration of Zn in the pasture was higher when the ANA and PEL treatments were 
applied. In May 2008 the concentration of Zn in the pasture increased in the ANA 
treatment compared with the COM treatment. There were no responses to the treatments 
in terms of the pasture concentrations of Zn after harvests made in 2005, 2006, 






















April 2007 May 2008
 
Figure 3.5: Concentrations of Zn in pasture (mg kg-1) under the different fertilizer treatments in the 
harvests of April 2007 and May 2008. NF, no fertilization; MIN, mineral; ANA, anaerobic sludge; COM, 
composted sludge and PEL, pelletized sludge. Different letters indicate significant differences between 
treatments. Vertical lines indicate mean standard error. 
 
3.5. DISCUSSION 
This experiment demonstrates that there are very few negative effects of sewage 
sludge application, either from toxic metal loading or in terms of productivity in the 
specific edaphoclimatic conditions of this study. The growth of trees and pasture 
production can be limited by low soil pH, EEC and a high aluminium saturation 
percentage; however, they can be improved by applications of high pH organic waste 
and by fertilization (Mosquera-Losada et al., 2010b). The soil pH in this experiment 
ranged from acidic (5.1–5.5) to moderately acidic (5.6–6.0) (Slattery et al., 1999); 
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conditions which usually indicate deficiencies in the availability of cations and, 
therefore, limit pasture production (Whitehead, 2000). Moreover, the soil EEC was low 
and usually below 10 cmol (+) kg-1 soil, which could be explained by the high sand 
proportion in the soil of this experimental site (Brady and Weil, 2008). However, the 
aluminium saturation percentage was below 25%, which indicates the optimum 
characteristics for pasture and tree growth in Galicia (Mombiela and Mateo, 1984). 
Aluminium saturation was also found to have a diachronic variation, which usually 
improved from the start to the end of the experiment. The EEC increase could be 
explained by the tilling that occurred at the start of the experiment. The soil aggregate 
structure was probably destroyed by the tilling process (Dexter, 1988), but the structure 
is likely to have been improved with the addition of fertilizer and with the establishment 
of pasture and trees, and the potential for increased organic matter input into the soil. 
The soil pH, however, was lower at the end of the experiment, despite the increase in 
available Ca and the reduction in available Al caused by sludge incorporation into the 
soil (Smith, 1996); this could be explained by the increase in the proportion of H+ 
related to the higher EEC. The soil acidity increase derived from the H+ can be 
explained by the cation extraction of the crops, the mineralization process (NH4+ is 
transformed in NO3- and H+ is released in the nitrification process) and the high mean 
rainfall of the area, which promotes cation leaching (Whitehead, 1995). 
Composted sludge (COM) increased soil fertility compared with other 
treatments. The pH and mean amount of available Ca were improved by the COM 
treatment, which was expected and is explained by the different composition of the 
sludge and the rate of mineralization (Mosquera-Losada et al., 2010b). Applied doses of 
sewage sludge with compost were higher in order to meet the N required by EPA 
(Environmental Protection Agency) (1994) recommendations because the COM 
composition revealed a lower concentration of N than the anaerobic and PEL. The COM 
also had a low mineralization rate, as indicated by the EPA (Environmental Protection 
Agency) (1994) (the mineralization rate is approximately 20% for anaerobic compared 
with 10% for COM in the first year). Moreover, the pH and available Ca were increased 
in the COM treatment because of the higher concentrations of Ca, K and Mg compared 
with anaerobic and PEL (excepting Ca). The COM treatment applied approximately 
1835.8 kg Ca ha-1, 99.53 kg K ha-1 and 541.9 kg Mg ha-1; meanwhile, only 90.51 kg Ca 
ha-1, 28.66 kg K ha-1 and 67.88 kg Mg ha-1 were added with the ANA treatment, and 
776.85 kg Ca ha-1, 23.07 kg K ha-1 and 158.96 kg Mg ha-1 were the soil inputs with the 
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PEL treatment. The higher rate of Ca and Mg with the COM also explains the reduction 
in the aluminium saturation percentage for this treatment (Smith, 1996; Prasad and 
Power, 1997; Speir et al., 2004). In previous studies, the anaerobic sewage sludge effect 
on the soil pH and EEC was found to depend on the previous initial soil pH. When the 
initial soil pH was high, anaerobic sludge inputs increased acidity as extraction was 
promoted (Mosquera-Losada et al., 2006), but when the soil pH was very low (4.5), as 
described by López-Díaz et al. (2007), a positive effect of sewage sludge application on 
soil pH was found. In this study, although the soil fertility was enhanced by COM 
treatment, tree growth and pasture production were not promoted. The lack of 
enhancement in tree growth and pasture production was probably due to the lower 
mineralization rate and the N availability of COM treatment compared with that of the 
anaerobic (ANA) or PEL as described by the EPA (1994). Warman and Termeer (2005) 
found better crop production in response to ANA than to COM sludge. The 
mineralization rate depends on the local climate and on the mineralization rates (EPA, 
1994), and in our case, the COM treatment seems to have an initial lower mineralization 
rate compared with the ANA treatment. As a result, the effect of COM on pasture 
production and tree growth could become apparent over a longer period, as was seen 
with tree diameter. The soil fertility is differently affected by sewage sludge application, 
and the effect is dependent on the initial soil pH and on the type of the sewage sludge 
applied. 
At the end of the 4-year study, the heights of ash trees varied from 104 to 135 
cm and stem diameters from 10.81 to 14.04 mm. The tree heights were within the range 
(23–275 cm) reported in a study carried out in UK after 3 years of experimentation 
(Mwase et al., 2008). The initial tree diameters in our study were also similar to those 
found by the same authors (15.3 mm). A positive effect was found for the ANA 
treatment in the two first years of the experiment; this trend has also been described for 
Populus x euroamericana (Rigueiro-Rodríguez et al., 2008b) and Pinus radiata D. Don, 
under soil conditions that were initially either very acid (López-Díaz et al., 2007) or 
neutral (Mosquera-Losada et al., 2006). In other work, Muys et al. (2004) and Weber-
Blaschke and Rehfuess (2002) demonstrated that soil fertility improvements led to 
higher F. excelsior L. growth, relative to the control, on sites with sandy loam and loam 
soils respectively. In both the present experiment and in these previous studies, the 
positive effect of the ANA treatment could be attributed to the soil fertility and water 
retention improvements caused by anaerobic fertilizer applied at the establishment of 
Parte III   
 62 
the plantation (Wolstenholme et al., 1992). However, at the end of the experiment, only 
the PEL treatment showed a significant increase in tree height diameter and the COM 
treatment in tree diameter compared with the MIN treatment, which could be explained 
by the enhancement of pasture growth and increased competition between trees and 
pasture caused by the MIN treatment as compared with the NF treatment. 
Annual pasture production was below the common levels in this region due to 
the droughts in 2005, 2006, 2007 and 2008 (mean monthly precipitation of these years 
were lower than mean precipitation over the previous 30 years) and the low 
temperatures at the beginning of the year. Pasture production was significantly 
increased by organic or inorganic fertilization as found by Mosquera-Losada et al. 
(2006) and by López-Díaz et al. (2009) in agrarian soils in Galicia afforested with P. 
radiata D. Don with a pH close to neutral (pH 6.8) and a slightly acidic pH (pH 6.3) 
respectively. At the end of this study, only the PEL treatment was found to have 
positively affected annual pasture production by the PEL treatment because of the 
annual application; however, no residual effect was found as a result of the COM or 
ANA treatments (Rigueiro-Rodríguez et al., 2000; López-Díaz et al., 2007).  
The lower proportion of A. capillaris L. and the higher proportion of D. 
glomerata L. could be associated with low and high soil fertility, as demonstrated in 
soils with a pH below 4.97 (Mosquera-Losada et al., 2001). Modifications to soil 
fertility also caused variations in the dominance of these two species, with a high 
proportion of D. glomerata L. initially associated with the MIN and ANA treatments 
followed by a switch in the botanical composition to over 75% A. capillaris L. by the 
end of the experimental period. 
Fertilizer treatment effects on soil fertility explain tree and pasture production, 
and affect biodiversity. The ANA treatment initially increased soil fertility, as 
demonstrated by higher tree growth, greater pasture production, a lower number of 
species and a higher proportion of D. glomerata L. (Mosquera-Losada et al., 2001) 
compared with the other treatments (NF, MIN, COM and PEL). These results are of 
particular interest in areas in which the initial tree development is important to 
guarantee tree survival. However, there is a reduction in tree and pasture growth when 
soil fertility is depleted, probably because the nutrient requirements of trees are greater 
than in the other treatments and because the capacity for nutrient retention in the ANA 
treatment is lower than in the other treatments because nutrient leaching occurs. On the 
contrary, the PEL treatments sustained better tree and pasture production over the long 
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term as the nutrient inputs were supplied as split doses through time. The higher fertility 
of soils fertilized with PEL probably explains the dominance of monocotyledonous 
species and the low number of species throughout the experiment. 
It is important to be aware of the effects of sewage sludge on the concentrations 
of Cu and Zn in the soil and in plants, because Cu and Zn are commonly present in 
higher proportions in the municipal sewage sludge (Smith, 1996; Mosquera-Losada et 
al., 2010b) relative to soil concentrations. As seen with the macronutrients, the COM 
treatment resulted in higher input rates of Cu and Zn (4.46 kg Cu ha-1 and 27.76 kg Zn 
ha-1) into the soil than the ANA (3.59 kg Cu ha-1 and 26.43 kg Zn ha-1) or PEL 
treatment (1.74 kg Cu ha-1 and 14.47 kg Zn ha-1). The COM treatment increased the soil 
pH compared with the other treatments, which usually implies a reduction of Cu and Zn 
solubility because of the EEC increment (Prasad and Power, 1997). In China, Miao-
Miao et al. (2007) also found that the use of COM as fertilizer increased the 
concentrations of Zn and Cu in the soil, but in that study the COM contained higher 
concentrations of Cu and Zn due to the effects of local industry (Cu: 2316 mg kg-1 and 
Zn: 2971 mg kg-1) compared with the sludges used in our experiment. ANA also 
increases the total soil Zn because this type of sludge has a higher concentration of Zn 
than the COM or the PEL (anaerobic sludge: 1752.3 mg Zn kg-1 soil; COM: 478.7 mg 
Zn kg-1 soil and PEL: 753.1 mg Zn kg-1). An increment of Cu and Zn in soil as a result 
of sewage sludge applications was also found by Yuan (2009). In contrast, in this study 
the concentrations of Zn and Cu in the soil were lower in 2008 than at the beginning of 
the experiment. This could be explained by leaching, but is more likely due to pasture 
and tree .extractions. 
The range of Zn concentrations in the pasture in this experiment (18.63–49.31 
mg kg-1) was at the low end of the concentrations commonly found in pastures (27–150 
mg kg-1) and below the levels of 100 and 400 mg kg-1 considered excessive or toxic for 
plants (Kabata-Pendías and Pendías, 2001; Smith, 1996). ANA tended to increase the 
soil and pasture Zn concentrations in the acidic soils of the Galician region, as described 
by Mosquera-Losada et al. (2001). In spite of the higher Zn inputs with the COM 
treatment, which increased the total and the available Zn in the soil, no effect was 
detected in the pastures because of the increased soil pH compared with other 
treatments, which could in turn reduce the availability of absorbable Zn in the soil 
(Prasad and Power, 1997). A Zn concentration of 500 mg kg-1 is considered toxic for 
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cattle, sheep and horses (Smith, 1996), but this value was not reached or exceeded in the 
pasture in this experiment. 
 
3.6. CONCLUSION 
Soil characteristics, tree growth, pasture species biodiversity and pasture 
development are modified by the type of sewage sludge used when similar N inputs are 
applied. The ANA treatment has a higher initial effect on tree and pasture productivity, 
but PEL treatment sustains better production as it is applied in several times and the 
COM treatment improved soil characteristics over the long term in sandy soils. The 
PEL treatment should be promoted because this treatment enhances productivity allows 
for better nutrient recovery and is less costly to apply than the other two treatments. No 
toxic Zn or Cu concentrations were found in the plants or in the soil in spite of the 
higher concentrations in sewage sludge than in the soil. 
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4.1. ABSTRACT  
The effects of fertilization, pasture sowing and tree plantation on soil fertility and tree 
and pasture production can vary depending on the soil type. Tree plantation is 
recognized as a way to reduce nutrient leaching and increase land profitability in 
agronomic and forest soils, meanwhile pasture fertilization and sowing is usually 
associated to better pasture productivity and quality. Fertilization can be performed with 
mineral fertilizers, which have become expensive in recent times, or with organic 
fertilizers like sludge, which is being promoted worldwide. This study aims to evaluate 
the effects of sludge fertilization, tree planting and pasture sowing on different variables 
of soil (KCl-pH, cation exchange capacity, total N, total and Mehlich P, nitrate and soil 
organic matter) and pasture (production, botanical composition, crude protein and P 
concentration) in treeless and agroforestry systems established in forest and agronomic 
soils. The experimental design was a randomized block following an incomplete 
factorial design with three replicates and nine treatments including two types of soils 
(forestry and agronomic), two types of vegetation (natural and sown), two types of 
fertilization (sludge fertilization and mineral fertilization, with a no fertilizer control) in 
afforested and treeless pastures. Pasture production and quality was better under 
agronomic soils, which also had higher levels of KCl-pH, cation exchange capacity, 
nitrate, total N and P than forest soils. Tree establishment did not modify nitrate or P 
leaching, probably due to the youth of the trees when most of nitrate was leached at the 
beginning of the experiment, but reduction of soil KCl pH and pasture crude protein 
was found in forest soils, when trees and pasture were together established, probably 
due to the high extractions of these systems compared with unsown forests. Moreover, 
the sludge inputs increased pasture production better than the mineral fertilizer in the 
forest soils, probably due to the greater amount of nutrients applied by the former. 
Sowing enhanced the presence of sown grasses in the forest understory, but their 
presence reduced pasture quality, and they disappeared within a short period of time. 
Therefore, the use of the sludge as fertilizer allows nutrient recycling of this residue in 
soils of low fertility and increases productivity and preserves fertility compared with 
mineral fertilizer at short (forest soils) and medium (agronomic soils) term. 
 
Key Words: agroforestry, biodiversity, nitrate leaching, organic matter, P, sludge 
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4.2. INTRODUCTION 
Agroforestry systems are sustainable land management techniques that are 
promoted by the EU (European Union, Council Regulation 1698/2005 (UE, 2005)) and 
are considered a good management tool that can be implemented by farmers in the 
different countries of Europe (Graves et al., 2008).  
Monterey pine (Pinus radiata (D. Don)) is a tree species that is currently used in 
silvopastoral systems in temperate areas like Australia, New Zealand, and Chile 
(Hawke, 1991; Knowles, 1991; Benavides et al., 2009) due to its fast growth. The 
species is widely used in the Atlantic biogeographic region of Europe (mostly in the 
North of Spain and West of France) in both forestry and farm grassland soils. Adequate 
fertilization practices in Monterey pine silvopastoral systems should be implemented to 
increase tree and pasture growth simultaneously at the same time that nutrient leaching 
risk is reduced. Recent increases in inorganic fertilizer prices along with environmental 
concerns have reduced the use of inorganic N fertilizers in the EU (EFMA, 2009), 
which are currently being replaced by organic fertilizers like sewage sludge as a cheaper 
N resource. 
In EU countries, sewage sludge production has increased since the early nineties 
due to the implementation of European Directive 91/271/EEC (UE, 1991), which was 
enacted to enhance continental water quality. Therefore, it is necessary to find an 
adequate means of disposal for these residues in compliance with the environmental 
policies of the EU. One alternative that has been adopted in various countries around the 
world is the application of sewage sludge to soils as fertilizer (EPA, 1994), which is 
regulated in Europe by the directive 86/278/EEC (UE, 1986). The use of sewage sludge 
as fertilizer is being promoted because it eliminates waste and reduces environmental 
pollution while imparting organic matter and macronutrients, particularly N and P, to 
the soil (Loehr et al., 1979; Rosswall, 1982; Beltrán et al., 2002; Mosquera-Losada et 
al., 2010b). The study of the proportion of N that is readily mineralizable is important in 
determining the dose of sewage sludge that should be applied to the soil (Barry et al., 
1986) in order to enhance both understory and overstory production in silvopastoral 
systems and to evaluate nitrate leaching risks (Simon and Le Corre, 1992, EPA, 1994). 
Sludge mineralization depends on soil types, pH and microbial soil activity (Smith, 
1996) and this process is usually faster in agronomic than in more acid forest soils in 
North Western Spain. Moreover, the impact of sludge mineralization also depends on 
land use, being nitrate leaching risk usually higher in exclusive agronomic use 
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(grasslands) than in silvopastoral systems due to the presence of the tree that may use 
the nitrate not employed by the pasture (Nair et al., 2008; Rigueiro et al., 2008a). 
Monterey pine and pasture growth response to sewage sludge inputs can be 
modified by the type of soil in which it is applied due to the different N and P 
availability in forestry and agronomic soils, which also affects nitrate leaching. 
Northwestern Spain forest soils usually have high organic matter content, which can act 
as a source of nutrients for crops. However, P availability is usually lower in forest soils 
due to high Al and Fe levels (Nair and Graetz, 2002). P and N availability can modify 
tree and pasture development as well as nitrate and P losses and pasture botanical 
composition (Campbell et al., 1993; Kellas et al., 1995; Nair et al., 2008). The impact of 
sewage sludge inputs in different soil types on nitrate and P cycling in agroforestry 
systems compared with treeless systems has not been evaluated in Western Europe. 
The aim of this study is to evaluate the soil, productivity (tree and pasture) and 
environmental (nitrate and, P leaching) response to mineral or municipal sewage sludge 
inputs in grasslands and silvopastoral systems developed under Monterey pine 
established in agronomic and forest soils. 
 
4.3. MATERIALS AND METHODS 
4.3.1. Characteristics of the study site 
The experiment was initiated in December 2006 through the use of 27 cilindric 
pots of about 2 m3 (144 cm height x 134.5 cm width) that were installed in the town of 
Piugos (Lugo, Galicia, NW Spain, European Atlantic Biogeographic Region) at an 
altitude of 470 m above sea level and filled with soils. Soils are gleyic umbrisols (FAO 
classification) and Umbrept Inceptisols (USDA system). Figure 4.1 shows the monthly 
mean precipitation and temperature values for 2007, 2008, and 2009 and the normal 
mean precipitation and temperature values of the study area. The total annual rainfall 
was 658.1, 1000, and 872.7 mm in 2007, 2008, and 2009, respectively. Meanwhile, the 
rainfall registered in the spring of 2007, 2008, and 2009 was 439.8, 604.5, and 368.4 
mm, respectively. In general, these years were drier than the mean year (998.3 mm) for 
the study area. However, the mean monthly precipitation in 2007 was higher than the 
mean normal precipitation from June to August, which reduced the drought period 
found in 2008 and 2009 that limited pasture growth. The annual mean temperature was 
mild (12 ºC). 
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Figure 4.1: Mean monthly precipitation and mean monthly temperature in 2007, 2008, and 2009 and 
mean normal data for the study area. T: mean monthly temperature (ºC), Tn: mean normal temperature, P: 
mean monthly precipitation (mm), and Pn: mean normal precipitation. 
 
Fifteen pots were filled with agronomic soil from Sarria (Lugo, Galicia, NW 
Spain) and the other with forest soil (12 pots) from Bascuas (Condesmo, Lugo, Galicia, 
NW Spain). In each pot, a lysimeter was installed at a depth of 135 cm to study the 
leaching of nutrients. The lysimiter was a PVC pipe of 2 cm of diameter introduced 
after making a hole in the pots. The tube is completely adjusted to the pot and no water 
is leached outside with the exception of the hole of the PVC pipe. 
Initial agronomic soil analyses showed a highly acid KCl pH (4.46) (Faithfull, 
2002), low soil organic matter (SOM: 36.3 g kg-1) (Kowalenko, 2001), and a total N 
(1.9 g kg-1) and P (0.3 g kg-1) (Castro et al., 1990). Meanwhile, the forest soil analyses 
also had a highly acid KCl pH (4.27) (Faithfull, 2002), higher SOM (72 g kg-1) 
(Kowalenko, 2001) and total P (0.8 g kg-1) contents and a lower concentration of total 
soil N (1.8 g kg-1) (Castro et al., 1990) than the agronomic soils. All heavy metal 
concentrations in both the agronomic and forest soils (Table 4.1) were below the 
maximum thresholds for the use of sewage sludge as fertilizer, as specified by the EU 
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 Heavy metal concentrations (mg kg
-1) 
Soil  Cd   Cu   Cr   Ni Pb  Zn 
Initial 
agronomic soil  0.1 1 0.9 - 17.7 28.8 
Initial forest soil  0.9 7.8 2 - - 32.5 
Spanish law 
limits  1-3 50-210 100-150 30-112 50-300 150-450 
Table 4.1: Heavy metal concentrations in the agronomic soil and in the forest soil at the beginning of the 
experiment and legal limits established by European Directive 86/278 and Spain R.D. 1310/1990. Limits 
depend on soil pH (minimum: soil pH<7, maximum: soil pH>7). -: element concentration below detection 
limit of the technique used in its determination. 
 
4.3.2. Experimental design 
The experimental design was a randomized block with three replicates and nine 
treatments. Treatments followed a design that consisted of a fractional factorial design 
of a 2p fully factorial, with "p" = 4 factors (2 levels per factor).The treatments 
established were chosen because they are the most traditional practices in the area of 
study (agronomic soil without tree, forest soil without pasture, and silvopastoral 
systems) in forest and agronomic lands. The treatments consisted of the following: (1) 
Agronomic soil + pasture sowing (Agronomic + P); (2) Agronomic soil + pasture 
sowing + sewage sludge (Agronomic + PS); (3) Agronomic soil + pasture sowing + 
mineral (Agronomic + PM); (4) Agronomic soil + pasture sowing + sewage sludge + 
tree (Agronomic + PST); (5) Agronomic soil + pasture sowing + mineral + tree 
(Agronomic + PMT); (6) Forest soil + sewage sludge + tree (Forest + ST); (7) Forest 
soil + mineral + tree (Forest + MT); (8) Forest soil + pasture sowing + sewage sludge + 
tree (Forest + PST); and (9) Forest soil + pasture sowing + mineral + tree (Forest + 
PMT). The following physical parameters were used: 
• Pasture sowing (P): the pasture was sown with a mixture of cocksfoot (Dactylis 
glomerata (L.)) var. Artabro (12.5 kg ha-1) (Dg), ryegrass (Lolium perenne (L.)) var. 
Brigantia (12.5 kg ha-1) (Lp), and white clover (Trifolium repens (L.)) var. Huia (4 kg 
ha-1) (Tr) in December 2006. 
• Tree (T): a one-year-old Monterey pine tree was planted in January 2007. 
• Sewage sludge (S): an anaerobically digested sludge with an input of 320 kg 
total N ha-1 applied in December 2006. 
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• Mineral (M): in the Agronomic + PM, Agronomic + PMT, Forest + MT, and 
Forest + PMT treatments, 500 kg ha-1 of 8 (% N):24 (% P2O5):16 (% K2O) were applied 
at the beginning of the years 2007, 2008, and 2009, and 40 kg of N ha-1 as calcium 
ammonium nitrate (26% of N) was applied after each harvest. 
 
4.3.3. Sewage sludge 
Anaerobically digested sludge was taken from the municipal waste treatment 
plant of Lugo. A calculation of the required amount of sludge was conducted according 
to its percentage of total N and dry matter content (EPA, 1994) and taking into account 
that around 25% of the total N from anaerobically digested sewage sludge is available in 
the first year after application. EU Directive 86/278/CEE (1986) and Spanish regulation 
R.D. 1310/1990 (BOE, 1990) regarding heavy metal concentrations in the application of 
sewage sludge to soil were also considered. The composition of the sewage sludge 
applied is summarized in Table 4.2. 
 
 Values 
Parameters Anaerobic sludge 
Spanish law 
limits 
Dry matter, % 20.47  
pH 7.47  
N, g kg-1 35  
P, g kg-1 17.8  
K, g kg-1 3.5  
Ca, g kg-1 27.1  
Mg, g kg-1 8.4  
Na, g kg-1 1.5  
Fe, g kg-1 17.9  
Cr, mg kg-1 39.4 1000-1500 
Cu, mg kg-1 142.7 1000-1750 
Ni, mg kg-1 29.4 300-400 
Zn, mg kg-1 1248.56 2500-4000 
Cd, mg kg-1 0.7 20-40 
Pb, mg kg-1 84.4 750-1200 
Mn, mg kg-1 6.1  
Table 4.2: Chemical properties of the sewage sludge applied and legal limits established by European 
Directive 86/278 and Spain R.D. 1310/1990. Limits depend on soil pH (minimum: soil pH<7, maximum: 
soil pH>7). 
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4.3.4. Field samplings and laboratory determinations 
Soil samples were collected at a depth of 25 cm, as described in R.D. 1310/1990 
(BOE, 1990) in March 2008 and in January 2009. In the laboratory, the pH of the KCl 
was determined as 1:2.5 soil: 0.1 M KCl (Faithfull, 2002). The total C content in the 
soil was determined by oxidation of the total organic matter with potassium dicromate 
and sulphuric acid. The excess of dicromate was valorated with Mohr salt (Kowalenko, 
2001). The percentage of organic matter was calculated by multiplying the total C 
content of the soil by the de Van Bemmelen factor (1.724). Cation Exchange Capacity 
(CEC) was calculated as the sum of the concentrations of Ca, K, Mg, Na and Al 
expressed as cmol(+) kg-1 of soil, after extraction with 0.6 N BaCl2 (Mosquera and 
Mombiela 1986). The total soil N and total soil P concentrations were determined after 
micro-kjeldahl digestion with a TRAACS-800+ autoanalyzer, as described by Castro et 
al. (1990) (US-786-86 A method, for N and US-787-86 A method, for P (Bran+Luebbe, 
1979)). The available P was measured after extraction with Mehlich 3 (Mehlich, 1985) 
with the TRAACS-800+ autoanalyzer (US-787-86 A method (Bran+Luebbe, 1979) and 
water volume measured with a volumetric ware. Total nitrate leached was estimated by 
multiplying nitrate concentration and water leached in each sampling. Nitrate leached 
for a period in each sampling was summed to obtain the global period nitrate leached. 
Water was extracted each week from the lysimeters unless drought caused a lack 
of water. Nitrate was determined according to Bremner (1965) using a continuous-flow 
analytical system (TRAACS-800+). 
Tree height and diameter were measured with graduated ruler and calliper, 
respectively, in September 2009. 
To estimate pasture production, botanical composition, and crude protein (CP) 
and P content of the pasture, two samples of pasture were randomly taken with an 
electric hand clipper at a height of 2.5 cm per pot (0.3 x 0.3 m2) in May, June, and 
August 2007; in May and July 2008; and in May and June 2009 (autumn data were not 
used in this study). Later, the samples were labelled and transported to the laboratory, 
where the samples were weighed and separated by hand according to the different plant 
species and the senescent material. They were then dried at 60 °C for 72 hours to 
determine the harvest pasture production and the botanical composition weight. The CP 
and P content of the pasture were determined after micro-kjeldahl digestion with a 
TRAACS-800+ autoanalyzer, as described by Castro et al. (1990). 
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4.3.5. Statistical analysis  
The data obtained from soil, tree and pasture variables were analyzed with three 
2- way ANOVAs (proc glm procedure) following the model Yij= μ + Fi + Tj + εij. The 
first ANOVA was performed to discern the effects of soil type (agronomic vs forest) 
with mineral and sludge fertilization in Pasture + Tree (silvopastoral systems) with two 
levels of fertilization (F: sludge and mineral) x two types of soil (T: Forest and 
agronomic) and their interactions (treatments Agronomic + PMT, Agronomic + PST, 
Forest + PMT and Forest + PST); where Yij is the studied variable; μ is the variable 
mean; Fi is the fertilizer factor i; Tj is the soil type factor j; and εij is the error. The 
second 2-way ANOVA was performed to discern the effects of two levels of pasture 
vegetation (S: sown and unsown pasture) with two levels of fertilization (F: sludge and 
mineral) and their interactions on forest soil (treatments Forest + PMT, Forest + PST, 
Forest + ST and Forest MT) where Yij is the studied variable; μ is the variable mean; Fi 
is the fertilizer factor i; Tj is the vegetation factor j; and εij is the error. The third 2-way 
ANOVA was performed to discern the effects of two levels of tree plantation (T: tree 
and no tree plantation) with two levels of fertilization (F: sludge and mineral) and their 
interactions on agronomic soil (treatments Agronomic + PMT, Agronomic + PST, 
Agronomic + PM and Agronomic + PS) where Yij is the studied variable; μ is the 
variable mean; Fi is the fertilizer factor i; Tj is the vegetation factor j; and εij is the error. 
Finally A 1-way ANOVA of one factor with three levels of fertilization F (NF, mineral 
and sludge) was to discern the effects of fertilization on agronomic soil with herbaceous 
vegetation (treatments NF, Agronomic + PM and Agronomic + PS). The Tukey´s HSD 
test was used for subsequent pair wise comparisons (P < 0.05; a = 0.05). The statistical 




4.4.1.1. KCl soil pH, CEC, SOM percentage, total N and total and Mehlich P 
The KCl soil pH, the CEC and the total soil levels of N and P and P extracted by 
Mehlich 3 in 2008 and 2009 are shown in Figure 4.2. The soil pH was significantly 
affected by the type of soil (p<0.01) in Pasture + Tree treatments in 2008 (agronomic: 
4.91 vs forest: 4.44) and 2009 (agronomic: 4.77 vs forest: 4.33) as happened with CEC 
in 2008 (p <0.001; agronomic: 8.35 cmol (+) kg soil-1 vs forest: 3.65 cmol (+) kg soil-1) 
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and 2009 (p<0.001; agronomic: 9.44 cmol (+) kg soil-1 vs forest: 4.01 cmol (+) kg soil-
1). Soil total N and P were also significantly affected by the type of soil. Soil total N 
(p<0.01 and p<0.001) and P (p<0.001 and p<0.01) were significantly higher in 
agronomic soils than in forest soils in 2008 (agronomic: 1.7 g total N kg-1 and 0.5 g total 
P kg-1vs forest: 1.1 g total N kg-1and 0.2 g total P kg-1) and in 2009 (agronomic: 2 g total 
N kg-1 and 0.6 g total P kg-1 vs forest: 1.6 g total N kg-1 and 0.3 g total P kg-1). For the 
SOM percentage, no significant differences between the treatments were found (p>0.05 
(data not shown)). No differences in soil variables appeared between treatments when 
only Forest soils were taken into account, with the exception of KCl pH, which was 
significantly reduced when mineral fertilization was applied and tree and pasture was 
established compared with those treatments planted with trees and receiving sludge 
fertilization, but without pasture sowing. On the other hand, in the Agronomic soils, the 
soil CEC was significantly higher when the pasture was fertilized with sludge (9.69 
cmol(+) kg-1 soil) than with mineral (8.65 cmol(+) kg-1 soil) in 2009 (p<0.01), being P 
extracted by Mehlich 3 significantly (p<0.001) improved when mineral or sludge 
fertilized was applied in 2008 and compared with no fertilization treatment in 
agronomic soils. 
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Figure 4.2: Soil pH in KCl (a), CEC (cmol(+) kg-1) (b), and total N (c) and P (d) concentrations in soil (g 
kg-1) in Pasture + Tree treatments, CEC (cmol(+) kg-1) in agronomic soils (e), P Mehlich 3 (mg kg-1) in no 
forested agronomic soils (f) and soil pH in KCl in forest soils (g) in 2008 and 2009. M: Mineral 
fertilization, S: sewage sludge fertilization. Different letters indicate significant differences between 
treatments within the same year. Vertical lines indicate mean standard error. 
 
4.4.1.2. Nitrate concentration in leaching water 
The significant effects of the treatments on nitrate concentrations in the leaching 
water are shown in Figure 4.3. The nitrate concentration in the leaching water of 
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agronomic soils was usually above the maximum set by the EU directive for drinking 
water in all treatments (<11.3 mg NO-3 –N l-1) (UE, 1980) in December 2006 and in the 
first months of 2007. The nitrate concentrations of all treatments measured from May 
2007 to 2009 were below the maximum allowed by the EU directive for drinking water 
(always below 5 mg NO-3 –N l-1) and without differences between treatments (data not 
shown). With respect to the effects of the treatments in the Pasture + Tree pots at the 
beginning of the experiment, the results show that by 12 March 2007 the nitrate 
concentrations in the leaching water were significantly higher in Agronomic treatments 
sown with pasture and planted with trees than in the same Forest treatments. After this 
sampling date, no differences were found between treatments. However, the total nitrate 
leached was significantly higher (p<0.05) when sewage sludge (3.05 grams of nitrate 
until 24 May 2007) was applied in Forest soils compared with mineral fertilizers (1.89 
grams of nitrate until 24 May 2007). There were not differences between treatments in 





































































































Figure 4.3: Nitrate (mg N-nitrate l-1) concentration in leached water in Pasture+Tree treatments. M: 
mineral; S: sludge. Different letters indicate significant differences between soil mean treatments. 
Vertical lines indicate mean standard error. 
 
4.4.2. Tree height and diameter 
Tree heights (179 cm) and basal diameters (41.25 mm) for each treatment were 
not significantly affected by any of the treatments in 2009.  




Pasture production for the different fertilization treatments in the spring 2007, 
2008, and 2009 can be observed in Figure 4.4. Significant differences were detected 
between the treatments in all years (p<0.001 in the spring of 2007, 2008, and 2009) with 
the exception of the spring 2007 and 2008 when the planting of trees were evaluated in 
agronomic soils and the spring 2008 when the three types of fertilization were compared 
in treeless pastures established in agronomic soils. The highest levels of pasture 
production were generally found in the spring of 2008 (2.2-13.4 Mg pasture ha-1), while 
the lowest values were detected in the spring of 2009 (1.2-10.3 Mg pasture ha-1). When 
the Agronomic and Forest treatments are compared (Pasture + Tree treatments), it is 
apparent that pasture production was lower in the Forest treatments (Forest + PMT and 
Forest + PST) fertilized with mineral or sludge than in Agronomic treatments 
(Agronomic + PMT and Agronomic +PST), with the exception of the first year of the 
study, when pasture production was similar in those pots fertilized with sewage sludge 
in forest soils (PST) to both Agronomic treatments (Agronomic + PMT and Agronomic 
+ PST). Within the Agronomic treatments the fertilization with sewage sludge in no 
planted pots (Agronomic + PS) had higher pasture production than pots fertilized with 
mineral and planted with trees (Agronomic + PMT) in the last year of the study. On the 
other hand, in 2007, within the Agronomic treatments, pasture production was lower in 
no fertilized pots than in those fertilized with sewage sludge (Agronomic + PS). 
However, mineral fertilization reduced pasture production in the last year of the study 
compared with no fertilization treatment. Moreover, in the Forest soils, the mineral 
fertilization decreased pasture production (Forest + MT and Forest + PMT), while the 
fertilization with sewage sludge increased this variable (Forest + ST and Forest + PST) 
in 2007 and 2009. However, pasture production was reduced in forest soils when 
pasture was sown, tree was planted and sewage sludge was applied compared with the 
rest of the treatments in 2008.  
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Figure 4.4: Spring pasture production (Mg ha-1) under Pasture + Tree (a), Forest (b), Agronomic (c) and 
Agronomic not afforested soils (d) in 2007, 2008, and 2009. Different letters indicate significant 
differences between treatments within the same year. Vertical lines indicate mean standard error. 
 
4.4.3.2. Botanic composition 
The significant ANOVA results of the weight proportion (% dry matter) of the 
sown species (cocksfoot, ryegrass, and white clover) and the most representative 
spontaneous species (chamomile (Cha) [Chamomilla recutita (L.)], creeping bentgrass 
(Crb) [Agrostis stolonifera (L.)], narrowleaf plantain (Np) [Plantago lanceolata (L.)], 
and yarrow (Yar) [Achillea millefolium (L.)]) in the pasture over the entire study period 
are shown in Table 4.3. There were other spontaneous species, though their 
contributions were minimal (data not shown). In general, the percentage of cocksfoot 
was significantly affected by treatments (Table 43) in all harvests of the spring-summer 
of 2007 and 2008, with the exception of the first harvest of 2007 and harvests of 2008 
when the effect of planting trees within agronomic soils was evaluated. Moreover, all 
ANOVAs of cocksfoot were also significant in May 2009, but cocksfoot was not 
affected by treatments when the comparison of two types of soil (agronomic and forest) 
in Pasture + Tree pots was carried out in the first harvest of 2009. Regarding ryegrass, 
it was only affected by treatments in August 2007 (when 1) agronomic and forest soils 
were compared in Pasture + Tree pots and 2) treatments within forest soils were 
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evaluated), in May 2008 in all treatments (with the exception of the evaluation of tree 
plantation in agronomic soils) and in May 2009 (when agronomic and forest soils in 
Pasture + Tree pots were compared and the effect of tree planting within agronomic 
soils was evaluated). The fertilization with mineral or sludge initially increased the 
proportion of cocksfoot in forest soils compared with agronomic soils in Pasture + Tree 
treatments (Figure 4.5). Moreover, the positive effect of the mineral fertilization 
compared with the sludge fertilization on cocksfoot percentage in forest soils was more 
evident as the study advanced. On the contrary, agronomic soils had a significantly 
higher proportion of clover than forest soils mostly when sludge instead of mineral was 
applied in August 2007, May 2008 and July 2008.  
Within the Forest soils, there was a positive effect of pasture sowing on the 
proportion of sown species (cocksfoot and ryegrass) in all harvests until May 2009 
(Figure 4.5). The establishment of cocksfoot in forest soils was better with mineral than 
with sludge fertilization. On the contrary, creeping bentgrass was the main pasture 
species found in forest unsown pots in 2007 and 2008 (Figure 4.5). Creeping bentgrass 
percentage was significantly higher in unsown than sown forest treatments from the 
start of the experiment to July 2008, when the increment of the percentage of creeping 
bentgrass in unsown pots compared with sown pots was only significant if mineral 
fertilization was used. In May 2009, mineral fertilization improved the percentage of 
creeping bentgrass in unsown pots compared with those pots previously sown and 
fertilized with sludge. 
Within Agronomic soils, the percentage of cocksfoot was significantly (Table 3) 
improved when sewage sludge (12.6 % and 22.3 %) instead of mineral (4.19 and 7.5 %) 
was used in May and August 2007, respectively. On the contrary, the percentage of 
cocksfoot was significantly higher in mineral (44.17a %) than sludge (12.5b %) in no 
afforested pots in May 2009, but no differences were found in agronomic afforested 
pots regarding the percentage of cocksfoot (26.68ab % and 22.32ab % in mineral and 
sludge, respectively) in the same harvest (different superscript letters indicate 
significant differences between treatments). However, in May 2009, the use of sludge 
(11.42a %) increased the proportion of ryegrass compared with mineral (1.15b %) in no 
afforested pots, and sludge (1.80b %) in afforested pots, but the percentage of ryegrass 
was similar in both afforested pots (4.51ab % in mineral afforested pots). Mineral 
fertilization also increased the percentage of cocksfoot compared with no fertilization in 
agronomic soils (Figure 4.5). 
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Regarding the spontaneous species, it was found that chamomile was initially 
better established in agronomic (21.87 %) than forest soils (0.02 %) in Pasture + Tree 
treatments in May 2007. On the other hand, the percentage of narrowleaf plantain 
[Plantago lanceolata (L.)] was significantly higher when sewage sludge was applied in 
agronomic soils (5.91a %) compared mineral fertilization (0.05b %) in forest soils in 
July 2008, but the percentage of this species was similar in mineral fertilized agronomic 
soils (2.47ab %) and in sludge fertilized forest soils (1.63ab %) in the same harvest. 
Finally, yarrow was improved within Forest soils when no sown was carried out but 
mineral fertilization was applied (18.81a %) compared with sludge fertilization with 
sowing (0.55b) but similar to the percentage found in those pots unsown and fertilized 
with sludge (12.48 ab %) or sown and fertilized with mineral (2.88ab %) in July 2008. 
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Table 4.3: ANOVA results for treatments with significant effects for sown grasses (cocksfoot (Dg), ryegrass (Lp), and white clover (Tr)), spontaneous species (chamomile 
(Cha), creeping bentgrass (Crb), narrowleaf plantain (Np) and yarrow (Yar)) in May, June, and August 2007; May and July 2008; and May 2009. SEM: mean standard error, 
ns: not-significant, *: p<0.05, **: p<0.01, ***: p<0.001. 
Forest soil Pasture + Tree Agronomic soil 
Sown species For Fert For*Fert SEM Sown species Soil Fert Soil*Fert SEM Sown species Silvo Fert Silvo*Fert SEM 
Tr May-08 * * * 5.2 Tr August-07 ** ns ns 5.1 Dg June-07 ns ** ns 6.7 
Tr July-08 ns * ns 8.8 Tr May-08 ** ns ns 8.5 Dg August-07 ns * ns 8.07 
Dg May-07 *** ns * 11.5 Tr July-08 *** ns ns 7.5 Dg May-09 ns ** ** 13 
Dg June-07 *** ns ns 6.7 Dg May-07 *** ** * 8.6 Lp May-09 ns ns ** 5.5 
Dg August-07 *** ns * 12.5 Dg June-07 ** ns ns 9.0 
Dg May-08 *** ns ns 17.3 Dg August-07 *** *** ns 9.4 
Unsown 
species Silvo Fert Silvo*Fert SEM 
Dg July-08 *** ns ns 15.2 Dg May-08 *** ns ns 17.83 Crb May-07 ** * ns  7.5 
Dg May-09 ** ns ns 16.5 Dg July-08 * * ns 17.3 Crb May-08 ns ** **  7.8 
Lp May-07 *** * * 8 Lp August-07 ns * ns 16.3   
Lp June-07 *** ns ns 12.8 Lp May-08 ** ns ns 18.8 Agronomic soil   
Lp August-07 *** * ns 12.8 Lp May-09 ns ns * 7.3   
Lp May-08 *** ns ns 7.8 Sown species Fert SEM   Unsown 
species Soil Fert Soil*Fert SEM Dg May-07 ** 2.7   Unsown 
species For Fert For*Fert SEM Crb July-08 * ns ns  11.1 Dg June-07 *** 2.7   
Crb May-07 *** ns ns  24.6 Np July-08 * * ns 2.9 Dg August-07 ** 8.4   
Crb June-07 *** ns ns  24.8      Dg May-08 * 9.2   
Crb July-08 ** ns ns  19.1      Dg July-08 * 6.8   
Crb May-09 ** ns ns  21.8      Dg May-09 * 17.6   
Yar July-08 ** ns ns 10.2      Lp May-08 * 17.1   
          
Unsown 
species Fert SEM    
          Crb May-08 ***  7.04   
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Figure 4.5: Proportion in weight (% dry matter) of sown (Dg: cocksfoot, Tr: white clover, and Lp: 
ryegrass) and spontaneous species (Cha: chamomile, Crb: creeping bentgrass and Yar: yarrow) in pasture 
under the different treatments in May, June, and August 2007; May and July 2008; and May and June 
2009 of Pasture + Tree and Forest and Agronomic soils treatments. M: mineral, S: sludge, NF: No 
fertilization: Different letters indicate significant differences between treatments within the same harvest. 
 
4.4.3.3. Pasture concentrations of CP and P 
The concentrations of CP and P in the pasture in the spring 2007, 2008, and 
2009 are presented in Figure 4.6. The concentration of CP was significantly affected by 
the treatments in August 2007 (soil effect: p < 0.001) and in December 2008 (soil 
effect: p<0.01) in Pasture + Tree treatments and revealed that CP was higher in 
agronomic than forest soils, with the exception of pasture grown in agronomic pots 
fertilized with sludge in December 2008. On the other hand, the concentration of P in 
pasture was significantly affected by treatments in June (soil effect: p<0.001) and 
August (soil effect: p<0.001) 2007 and in December 2008 (soil x fertilization interaction 
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effect: p<0.05; soil effect: p<0.001) when the effect of the type of soil was evaluated. 
As happened with CP, the concentration of P was significantly higher in agronomic than 
forest soils, with the exception of pasture developed in agronomic soils fertilized with 
sludge which did not differ from the same forest treatment. 
Within Forest soils, the lack of sowing increased the CP concentration of 
pasture. Mineral fertilization in unsown treatments significantly increased the 
concentration of CP compared with sludge and mineral fertilization in sown pots in 
August 2007 (sown effect p<0.001) and only with sludge fertilization in June 2007 
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Figure 4.6: Concentrations of crude protein (CP) in pastures (g kg-1) under Pasture + Tree (a) and forest 
soil (b) treatments and phosphorous in pastures (g kg-1) under Pasture + Tree (c) in the significant 
harvests of 2007, 2008, and 2009. M: Mineral, S: sludge Different letters indicate significant differences 
between treatments within each harvest. Vertical lines indicate mean standard error. 
 
4.5. DISCUSSION 
All soil studied variables (KCl pH, CEC, total N and P), excluding organic 
matter, were significantly higher in agronomic compared with forest soils and explains 
the better initial fertility stage and pasture production found in the Agronomic than in 
the Forest treatments. Moreover, the highest presence of white clover in the Agronomic 
treatments probably increased pasture production because Rhizobium N fixation is 
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performed by this species (González, 1992; Whitehead, 1995; Green et al., 1999; 
López-Díaz et al., 2009), which increases the input of N into the soil (Mosquera-Losada 
et al., 1999), and the subsequent consumption of this nutrient by grasses. Authors such 
as González (1992) indicate that 30% of white clover in pastures developed in North 
Western Spain can incorporate up to 250 kg ha-1 year-1 of N. In any case, pasture 
production ranges found in the present experiment were similar to those usually 
described in North Western Spain forest soils (0.5-6 Mg pasture ha-1) (Mosquera-
Losada et al., 2001) and in North Western Spain agronomic soils (6-12 Mg ha-1) 
(Mosquera-Losada and González-Rodríguez, 1999). 
Although soil pH was reduced from the first to the last year of the experiment, N 
and P levels in soil were usually higher if sludge instead or mineral were used in Pasture 
+ Tree treatments developed in agronomic soils. Soil pH in 2009 was reduced in 
comparison to 2008 probably due to the N mineralization (the step from NH4+ to NO3- 
occurs, and H+ is released into the soil solution media after leaching of NO3- by rainfall 
(Whitehead, 1995)) and tree and pasture cation extractions  from the soil (Mosquera-
Losada et al., 2006). In the last year of the experiment, soil total N was higher if sludge 
instead of mineral fertilizer had been previously applied in pasture and tree agronomic 
soils. The sludge nutrient release rate is slower than those from mineral fertilizers (EPA, 
1994; Smith, 1996) and this would explain the extended effect of the sludge in time on 
soil total N variable. The same tendency was found with total soil P. 
Water pollution from nitrate leaching, was only relevant at the start of the 
experiment when both tree and pasture were at the establishment phase, and therefore 
they were less efficient taking up soil nutrients like nitrate. Afterwards, the adequate 
establishment of pasture and tree limited nitrate leaching, even though mineral fertilizer 
inputs were annually performed. At the beginning of the present experiment (2006), the 
nitrate-N content of the soil solution exceed the 11.3 mg L-1 limit for drinking water set 
by the EU (UE, 1980). In the following samplings, the concentrations of nitrate in the 
leached water from the agronomic soils were also above the value of 11.3 mg NO-3 –N 
L-1, and it was higher than that found in forest soils (Knight et al., 1989). High initial 
soil pH of agronomic soil at the beginning of the experiment would explain a higher 
mineralization activity, and therefore nitrate leaching, in agronomic than in forest soils, 
which caused an increase of pasture production and the levels of CP. Moreover, the 
initial higher percentage of grasses instead of annual species in the Forest treatments 
than in the Agronomic treatments could also have reduced the leaching of nitrate in the 
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forest soils, while taking into account that perennial grasses have a greater capacity for 
taking up soil nitrate than weeds (Humphreys et al., 2006; Abberton et al., 2008). 
Moreover, the initial establishment of dicotyledonous annual species, such as 
chamomile, could also have increased the nitrate leaching in the agronomic treatments 
when the annual species died, since dicotyledonous species are richer in N than 
monocotyledonous species (Hanley et al., 1992; Paré et al., 2006). The absence of 
annual species in the seed bank of the forest soils was probably the cause of the best 
initial establishment of the sown species in the forest soils that were simultaneously 
fertilized and sown than in the agronomic soils, where the annual species showed rapid-
growth characteristics (abundant seed – rapid germination) (Grime et al., 2007; 
Mosquera-Losada et al., 2009a).  
There were no appreciably significant differences in the forest soils as a result of 
the different treatments of fertilization or sowing, mainly because most of the soil’s 
biological activity was greatly restricted as pH was very low in the forest soils (Omil et 
al., 2007; Djukic et al., 2009). However, a positive effect of sewage sludge inputs on 
soil pH was detected when the less intensive system (no sowing) was compared with 
more intensive systems implying mineral fertilization and sown of pasture. The positive 
effect o sludge applications on soil pH in very acid soils were also described in soils 
receiving a higher total quantity of sludge than in the present experiment (López-Díaz et 
al., 2007). The improvement of soil pH caused by sludge applications may explain the 
increase of the total nitrate leaching and the pasture production in forest soils compared 
with mineral fertilizations. This result could be firstly explained by the residual effect of 
organic fertilizers compared with mineral fertilizers described by the EPA (1994) and 
secondly because the sludge added more Ca, Mg and micronutrients than the mineral 
fertilizer (Smith, 1996; López-Díaz et al., 2007; Mosquera-Losada et al., 2010b).  
Even though the forest soils were only significantly affected by the treatments in 
terms of KCl pH, they modified the botanical composition and CP in the initial 
samplings. However, these differences disappeared at the end of the study. The 
improvement in the percentage of ryegrass and cocksfoot species as a result of sowing 
caused a lower crude protein percentage than in the pastures of unsown forest soils. 
Sown species like ryegrass and cocksfoot are not usually adapted to the low fertility of 
forest soils, being less extractive than weeds in forest soils (Whitehead, 1995), thus 
reducing the proportion of N in the pasture. This reduction ultimately caused the 
 Parte IV 
 87
reduction of the percentage of sown species at the end of the experiment in sown forest 
soils.  
The response of the soil and pasture production variables to treatments within 
the agronomic soils did appeared two years after the experiment had begun, probably 
due to the better initial soil fertility. CEC was significantly increased in sludge fertilized 
treatments with or without tree planting than in mineral when trees were not planted, 
and it could be explained by the physical soil improvement caused by the sludge (Smith, 
1996). Moreover, in 2009, those treatments with sludge fertilization in the agronomic 
soils without tree planting had higher pasture production than mineral fertilization 
treatment that had been previously planted. Mineral fertilization caused a direct increase 
of N, P, and K concentrations in soil, which can reduce other cation levels in soil, thus 
limiting pasture production (Whitehead et al., 1995). This effect can be seen in the 
lower CEC of the PM treatment compared with the rest of the agronomic treatments 
fertilized with the sludge in the last year of the study. Additionally, the presence of trees 
modified the soil conditions in the agronomic soil with the mineral fertilizer (PMT), 
which may also have reduced pasture production in this treatment due to the high 
extractions performed by both crops (tree and pasture), compared with agronomic 
treeless systems fertilized with mineral.  
The initial improvement of soil P availability as a result of fertilization (mineral 
or sludge) was also previously described (Allen et al., 2006; Nair et al., 2007) and may 
help to explain the high production of pasture in sewage sludge fertilized pots compared 
with no fertilization in agronomic soils. Moreover, cation extraction may have reduced 
pasture production in mineral treatment compared with no fertilization at the end of the 
study. 
In 2009, the Monterey pine heights and diameters varied from 164-193 cm to 
49.5-58 mm, respectively. The tree diameters and heights were greater than those 
described by López-Díaz et al. (2009) in a study carried out in agrarian soils in North 
Western Spain, with a pH close to neutral (pH 6.3), and by Sánchez-Rodríguez (2000) 
in the Northwest of Spain. The higher growth of trees in our study could be explained 
by the high precipitation rate found in the summer during planting, which usually 
increases initial tree growth (Rigueiro-Rodríguez et al., 2000; Mosquera-Losada et al., 
2006) and may have reduced the differences between treatments. A similar result was 
found by Rigueiro-Rodríguez et al. (2010a), in which fertilization treatments initially 
modified the Monterey pine response, but differences between the treatments 
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disappeared when a humid summer for tree growth occurred. Tree plantation did not 
affect nitrate leaching probably because trees were too young to uptake N from soil 
when the nitrate concentrations in soil was high. However, tree plantation reduced 
pasture production in agronomic soils fertilized with mineral and KCl pH, and CP 
concentration in forest soils compared with the less intensive treeless pastures (López-
Díaz et al., 2007). 
The concentrations of CP (58-183 g kg-1) and P (1.6-4.8 g kg-1) were similar to 
the concentrations described by Grime et al. (2007) (1.5-4.5 g kg-1) and Whitehead et al. 
(1995) (80-250 g kg-1), respectively, with the exception of the CP concentrations in 
those harvests performed in the summer, which were usually lower due to the usual 
seasonal evolution of CP caused by the different pasture species’ phenological growth 
states (Whitehead et al.,1995). The concentration of CP in the pasture did not reach the 
minimum requirements for the maintenance of live weight in sheep (94 g kg-1) (NRC, 
1985), horses (85 g kg-1) (NRC, 1989), and goats (60 g kg-1) (Lamand, 1981) in the 
summer harvests of 2007 and 2008. The concentration of P in all other harvests did 
meet the requirements for maintenance of live weight in sheep (1.6-3.7 g kg-1) (NRC, 
1985), horses (2 g kg-1) (NRC, 1989), and goats (2.5 g kg-1) (Lamand, 1981). 
 
4.6. CONCLUSION 
 Fertilizer management, sowing and plantation practices caused different effects 
on the agrarian and forestry soils in our study. Agronomic soils were more fertile than 
the forestry soils due to the high pH and microbial activity of the former, which 
increases nitrate and P availability, and therefore the risk of leaching. Better nutrient 
availability in the agronomic soils increased pasture production as initially did sludge 
instead of mineral fertilization in forest soils due to the inputs of other nutrients done by 
sewage sludge compared with mineral, which probably increased mineralization in 
forest soils. Nitrate leaching was only relevant at the start of the experiment when trees 
and pasture were not enough developed to uptake nitrate. On the other hand, the soil 
variables evaluated in this study, with the exception of KCl, were not modified by 
fertilization or sowing treatments in the forest soils. However, the production, botanical 
composition and quality of the pasture developed in the forest soils were positively by 
sludge inputs instead of mineral due to the greater amount of nutrients applied with the 
former and the pH increase that sludge caused. The presence of grasses like cocksfoot 
or ryegrass was enhanced by sowing in forest soils. However, due to the low soil 
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fertility, the quality of the pasture at the time these species were sown was low, and the 
sown grass species disappeared shortly after the establishment of the experiment. 
Finally, soil fertility was better preserved with the sludge than mineral fertilizer within 
the agronomic soils due to the broad range of nutrient applied with the former. 
Therefore, the use of the sludge as fertilizer allows nutrient recycling of this residue in 
poor soils and increases productivity and preserves fertility compared with mineral 
fertilizer at short (forest soils) and medium (agronomic soils) term. 
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5.1. ABSTRACT 
Silvopastoral systems are sustainable form of land management promoted by European 
Union. The productivity of the herbaceous and tree components in a silvopastoral 
system could be limited by soil fertility. The use of adequate doses of organic fertilisers 
like sewage sludge could enhance the productivity of both pasture and trees and 
promote biodiversity. The quantification of the best dose of sewage sludge to be applied 
in a silvopastoral system is important in order to enhance production and biodiversity in 
a silvopastoral system, while avoiding nitrate contamination of the ground water. This 
study aims to evaluate the effects of different doses of sewage sludge (100 kg total N 
ha-1, 200 kg total N ha-1 and 400 kg total N ha-1) on different variables of soil (soil pH, 
effective exchange capacity and the saturation percentage of Al, K, Ca, Mg and Na), 
tree growth and pasture (production, species richness and botanical composition) as 
compared to the treatment of no fertilisation in a silvopastoral system under Quercus 
rubra L. Sewage sludge applications initially improved soil nutrient levels (effective 
exchange capacity and Ca saturation percentage) and subsequently pasture production 
and tree growth when 200 and 400 kg of total N ha-1 were applied. On the other hand, 
the establishment of pasture and trees improved soil conditions at a medium term due to 
the organic matter input into the sandy soil, which increased species diversity specially 
at a 100 kg of total N ha-1 dose. 
 
Keywords: agroforestry, afforestation, sowing, waste, dose 
 
5.2. INTRODUCTION 
Silvopastoral systems are agroforestry systems in which tree and pasture 
production is combined. These systems are currently being promoted by the EU 
(Council Regulation 1698/2005 (UE 2005)). Silvopastoral systems can produce social 
benefits, as the economic return is obtained earlier than when exclusive forest systems 
are used. As a result, silvopastoral systems tend to enhance the stabilisation of the rural 
population. Silvopastoral systems also provide environmental benefits such as the 
improvement of nutrient recycling, the control of soil erosion, a reduction in fire risk 
and an increase in carbon sequestration (Rigueiro-Rodríguez et al., 2008a; Howlett et 
al., 2010). Furthermore, silvopastoral systems can promote biodiversity through the 
creation of micro-sites within the plantation, such as shaded and unshaded areas. These 
micro-sites occur as a result of the presence of trees not found in purely agronomic land. 
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Biodiversity can be further promoted through the reduction of habitat fragmentation 
(Rois et al., 2006). 
Quercus rubra L. is a native species from the Atlantic coast of North America 
that is widely used for reforestation in Galicia and in other regions of Northern Spain 
(Álvarez-Álvarez et al., 2000). The exotic Quercus rubra L. is preferred over the native 
Quercus robur L. by European foresters because of its faster growth, which yields 
earlier profits for forest farmers (Renou-Wilson et al., 2008). Quercus rubra L. is 
frequently used in the establishment of silvopastoral systems (Balandier and Dupraz, 
1999; Lehmkuhler et al., 2003) because this species possesses an open crown that 
allows light to reach the pasture surface, making it compatible with pasture production. 
Furthermore, because it is a deciduous species, it allows better light penetration than 
perennial conifers during the autumn and early spring, and it provides shading during 
the summer. Thus, evapotranspiration is reduced, leading to enhanced pasture 
production as compared to pasture under conifers or on open pasture sites (Álvarez-
Álvarez et al., 2000).  
In Galician silvopastoral systems, the productivity (of both understory and trees) 
can be limited by low soil fertility as a result of increased acidity (Zas and Alonso, 
2002). The use of fertilisers can modify the productivity of various components of the 
system (including the pasture and trees) as well as its botanical composition (Mosquera-
Losada et al., 2009a). One alternative that has been adopted in various countries around 
the world is the application of sewage sludge to soil as fertiliser (EPA, 1994). In 
Europe, this is regulated by the directive 86/278/EEC (UE, 1986). The use of sewage 
sludge as fertiliser is being promoted by the EU due to its specific organic matter and 
macronutrients content, particularly nitrogen (N) (MMA, 2006). 
The main problem with the agricultural use of sewage sludge is the higher heavy 
metal concentration of the sludge than in the soil (Smith, 1996). This problem is one of 
the set of indications regulated in Spain by the R.D. 1310/1990 (BOE, 1990) and by the 
European Directive 86/278/EEC (UE, 1986). Thus, the agronomic rate that can be 
safely applied depends both on the heavy metal concentrations in the sludge and on the 
nitrogen concentration and the proportion of the nitrogen that can readily be mineralised 
within the first year after application to the soil (Barry et al., 1986; EPA, 1994; Smith, 
1996). A sewage sludge application rate exceeding the crop needs could result in nitrate 
contamination of the ground water by leaching. The sewage sludge should therefore be 
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applied as close to the time of maximum nutrient uptake by crops as feasible (EPA, 
1994). 
The effects of the application of sewage sludge in silvopastoral systems in 
northwest Spain established under Pinus radiata D. Don (López-Díaz et al., 2009; 
Rigueiro-Rodríguez et al., 2010a; Mosquera-Losada et al., 2010a), Populus x 
canadensis Moench (Mosquera-Losada et al., 2010c) and Fraxinus excelsior L. 
(Rigueiro-Rodríguez et al., 2010b ) have been already studied. The objective of the 
present study is to evaluate the effects of different doses of sewage sludge on changes in 
soil chemical properties, tree growth, understory production and biodiversity as 
compared to the treatment of no fertilisation in a silvopastoral system under Quercus 
rubra L. 
 
5.3. MATERIALS AND METHODS 
5.3.1. Characteristics of the study site 
The experiment was established in autumn 2001 in A Pastoriza (Lugo, Galicia, 
NW Spain, European Atlantic Biogeographic Region) at an altitude of 480 m above sea 
level. Figure 5.1 shows the mean monthly precipitation and temperatures for 2002 - 
2005 as well as the previous 30 years. The total annual rainfall was 1296 mm, 1111 mm 
822.9 mm and 824.3 mm in 2002, 2003, 2004 and 2005, respectively. In general, very 
low precipitation was observed in these years as compared with the mean for the last 30 
years, and this limited pasture production and tree growth. However, in 2002 and 2003, 
there was a period of high precipitation from October to December. October 2004 and 
2005 were also very rainy months (212.9 mm and 146.8 mm, respectively). The annual 
mean temperature was mild (12 ºC) with low temperatures at the beginning and at the 
end of the years under study. 
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Figure 5.1: Monthly precipitation and mean temperatures for the study area in 2002, 2003, 2004 and 
2005 and mean data for the last 30 years. T: mean monthly temperature (ºC), T30: mean temperature over 
the last 30 years (ºC), P: mean monthly precipitation (mm) and P30: mean precipitation over the last 30 
years (mm). 
 
The experiment was carried out on abandoned agricultural land. The soil texture 
at the beginning of the experiment was sandy (91.81% sand, 4.92% silt and 3.27% clay) 
with a moderately acidic pH of 5.2 as well as high levels of soil organic matter content, 
total N and total P (10.34%, 0.25% and 0.09%, respectively). All heavy metal 
concentrations in the soil (Table 5.1) were below the maximum threshold for using 
sewage sludge fertiliser as specified by the European Union Directive 86/278/CEE (UE, 
1986) and Spanish legislation under R.D. 1310/1990 (BOE, 1990).  
 
 Heavy metal concentrations (mg kg
-1) 
Soil  Cd   Cu   Cr   Ni Pb  Zn 
Initial soil 
concentration - 11.6 - 2.1 37.6 11.9 
Spanish law 
limits  1-3 50-210 100-150 30-112 50-300 150-450 
Table 5.1: Heavy metal concentrations in the soil at the beginning of the experiment and the legal limits 
established by European Directive 86/278 and Spain R.D. 1310/1990. Limits depend on soil pH 
(minimum: soil pH<7; maximum: soil pH>7). A dash (-) signifies an element concentration below the 
detection limit of the technique used for its determination. 
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5.3.2. Experimental design 
At the beginning of the experiment in autumn 2001, the soil was ploughed, and 
the pasture was sown with a mixture of Dactylis glomerata L. var. Artabro (12.5 kg ha-
1), Lolium perenne L. var. Brigantia (12.5 kg ha-1) and Trifolium repens L. var. Huia (4 
kg ha-1). Naked-root Quercus rubra L. plants were planted at a density of 1112 trees ha-
1, with 3 m x 3 m between rows. The experimental design was a randomised block with 
three replicas and four treatments distributed in experimental units of 144 m2 with 25 
trees arranged in a frame of 5 x 5 trees. The treatments consisted of (a) no fertilisation 
(0N), (b) fertilisation with anaerobically digested sludge with an input of 100 kg total N 
ha-1 in March 2002 and 2003 (100N). (c) fertilisation with anaerobically digested sludge 
with an input of 200 kg total N ha-1 in March 2002 and 2003 (200N) and (d) fertilisation 
with anaerobically digested sludge with an input of 400 kg total N ha-1 in March 2002 
and 2003 (400N). 
 
5.3.3. Sewage sludge 
Anaerobically digested sludge from a municipal waste treatment plant of Lugo 
was used. The required amount of sludge was calculated based on the percentage of 
total N and dry matter content (EPA, 1994), keeping in mind that approximately 25% of 
the total N from anaerobically digested sewage sludge is available in the first year after 
application. EU Directive 86/278/CEE (UE, 1986) and Spanish regulation R.D. 
1310/1990 (BOE, 1990) regarding heavy metal concentrations in the application of 
sewage sludge to soil were also considered. The composition of the sewage sludge 
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 Values 





Dry matter, % 22.27 23.82  
pH 7.08 7.49  
N, g kg-1 29.7 25.4  
P, g kg-1 19.9 19.6  
K, g kg-1 3 3.9  
Ca, g kg-1 3 3.2  
Mg, g kg-1 6.2 6.8  
Na, g kg-1 0.7 1.2  
Fe, g kg-1 26 13.9  
Cr, mg kg-1 87.9 81.4 1000-1500 
Cu, mg kg-1 242.8 195.8 1000-1750 
Ni, mg kg-1 98.7 142.8 300-400 
Zn, mg kg-1 364.7 748 2500-4000 
Cd, mg kg-1 4.4 10.9 20-40 
Pb, mg kg-1 130.6 78.7 750-1200 
Mn, mg kg-1 311.7 358.8  
Table 5.2: Chemical properties of the sewage sludge and legal limits established by European Directive 
86/278 and Spain R.D. 1310/1990. Limits depend on soil pH (minimum: soil pH<7; maximum: soil 
pH>7) 
 
5.3.4. Field samplings and laboratory determinations 
Soil samples were collected at a depth of 25 cm in March 2003 and in January 
2004, 2005 and 2006, as described in R.D. 1310/1990 (BOE, 1990). In the laboratory, 
soil pH was determined in water (1:2.5) (Faithfull, 2002). Al concentrations in the 
exchange complex and the exchangeable cations (K, Ca, Mg and Na) were determined 
by extraction with 0.6 N BaCl2 (Mosquera and Mombiela, 1986). The K, Ca, Mg and 
Na exchangeable concentrations were measured with a VARIAN 220FS 
Spectrophotometer using the atomic emissions for K and Na and the absorptions for Ca 
and Mg. Al concentrations were analysed after valoration with 0.01 N NaOH using 
phenolphthaleine (1%) in an alcohol-based solution as an indicator (Mosquera and 
Mombiela, 1986). The effective exchange capacity (EEC) was determined by taking the 
sum of K + Ca + Mg + Na + Al and the saturation percentage of Al, K, Ca, Mg and Na 
using the quotients Al/EEC, K/EEC, Ca/EEC Mg/EEC and Na/EEC, respectively 
(Mosquera and Mombiela, 1986). 
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Tree height and base diameter were measured with a graduated ruler and a 
calliper, respectively, in September 2006. 
Estimated pasture production and botanical composition was determined by 
randomly collecting four samples of pasture. The four samples were cut with an electric 
hand clipper at a height of 2.5 cm per plot (0.3 x 0.3 m2) in June 2002, July and 
December 2003, June, July and December 2004 and May, July and December 2005. 
One week after sampling, all plots were grazed by mature sheep (Galician breed) at a 
stocking rate of 50 sheep over the whole experimental area (1728 m2). At the laboratory, 
two pasture samples were dried for 72 hours at 60ºC and weighed to estimate pasture 
production. The other two samples were separated by hand to determine the proportions 
of the different plant species and the senescent material. These two samples were then 
dried for 72 hours at 60 °C to determine the botanical composition on a dry weight 
basis. The species richness was determined yearly. Annual abundance diagrams 
omitting the percentage of senescent material (Magurran, 1988) were completed. 
 
5.3.5. Statistical analysis 
The data on tree and pasture variables were analysed using ANOVA (proc glm 
procedure) following the model Yij= μ + Ti + Bj + εij, where Yij is the studied variable, μ 
is the variable mean, Ti indicates treatment i, Bj is the block j, and εij is the error. Soil 
variables and species richness were analysed with repeated ANOVA (proc glm 
procedure) following the model Yijk= μ + Ai + Tj + Bk + εijk, where Yijk is the studied 
variable, μ is the variable mean, Ai is the year i, Tj indicates treatment j, Bk is the block 
k, and εijk is the error. The Tukey’s HSD test was used for subsequent pairwise 
comparisons (P < 0.05; a = 0.05). The statistical software package SAS (2001) was 
used for all analyses. 
 
5.4. RESULTS 
5.4.1. Soil characteristics 
Table 5.3 shows that the soil pH, EEC and Ca saturation percentage in the soil 
exchange complex were significantly higher in 2006 than at the beginning of the study 
(2003) (p<0.001). However, the saturation percentage of Al and K in the soil exchange 
complex decreased significantly in 2006 as compared with 2003 (p<0.001). 
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Furthermore, the Na saturation percentage in the soil exchange complex was higher in 
2004 and 2006 than in 2003 and 2005 (p<0.001). 
 
 Year   
Parameter 2003 2004 2005 2006 Year effect SEM 
pH 5.4 bc 5.27 c 5.51 b 5.72 a *** 0.04 
EEC (cmol(+) kg-1) 4.94 c 5.16 c 6.30 b 7.84 a *** 0.21 
Al (%) 39.4 a 37.1 a 41.11 a 28.65 b *** 0.01 
K (%) 1.36 a 1.36 a 1.15 b 0.75 c *** 0.0004 
Ca (%) 41.37 b 41.25 b 39.61 b 52.14 a *** 0.01 
Mg (%) 13.00 13.37 12.95 11.28 ns 0.002 
Na (%) 4.87 b 6.92 a 5.18 b 7.18 a *** 0.002 
Table 5.3: Soil pH, effective exchange capacity (EEC) (cmol(+) kg-1) and saturation percentage of Al, K, 
Ca, Mg and Na in the soil exchange complex (%) in the years 2003, 2004, 2005 and 2006. Different 
letters indicate significant differences between years. ns: not-significant, ***: p<0.001, SEM: mean 
standard error. 
 
In 2003, soil EEC and Ca saturation percentage in the soil exchange complex 
were affected significantly by the applied fertilisation treatments (p<0.05) (Figure 5.2). 
However, in 2004, 2005 and 2006 the effect of the treatments on EEC, Ca saturation 
percentage, soil pH and saturation percentages of Al, K, Mg and Na was not statistically 
significant. The application of sewage sludge at a rate of 200 kg total N ha-1 (200N) 
increased soil EEC more than when no fertilisation (0N) was applied. Furthermore, the 
Ca saturation percentage in the soil exchange complex also increased when sewage 
sludge inputs had been previously done. The increase in the Ca saturation percentage 
was larger when low (100N) and medium dose (200N) of sewage sludge were applied 
than when no fertiliser treatments (0N) were used. 
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Figure 5.2: Effective exchange capacity (EEC) (cmol (+) kg-1) (a) and calcium saturation percentage in 
soil exchange complex (%) (b) under each treatment in 2003. 0N: 0 kg total N ha-1; 100N: 100 kg total N 
ha-1; 200N: 200 kg total N ha-1 and 400N: 400 kg total N ha-1. Different letters indicate significant 
differences between treatments. Vertical lines indicate mean standard error. 
 
5.4.2. Tree heights and diameters 
Figure 5.3 shows the tree heights and diameters for each treatment in 2006. 
During this year, tree heights and diameters were significantly affected by the 
fertilisation treatment applied (p<0.001). The application of a medium (200N) and a 
high dose (400N) of sewage sludge increased more the tree heights than the no 
fertilisation (0N). The tree diameters were larger under the medium (200N) doses of 
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Figure 5.3: Tree heights (m) (a) and tree diameters (mm) (b) under each treatment in 2006. 0N: 0 kg total 
N ha-1; 100N: 100 kg total N ha-1; 200N: 200 kg total N ha-1 and 400N: 400 kg total N ha-1. Different 




Annual pasture production for the different fertilisation treatments in 2002, 
2003, 2004 and 2005 can be observed in Figure 5.4. Pasture production was 
significantly affected by the dose of sewage sludge in 2003 (p<0.05) and 2004 
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(p<0.001). In 2002 and 2005, no significant differences were detected between the 
treatments. The highest levels of pasture production were found in 2004 (9.3-17.5 Mg 
ha-1), while the lowest values were reported in 2002 (3.9-4.3 Mg ha-1). In 2003 and 
2004, the application of medium (200N) and high (400N) sewage sludge treatments 






































































Figure 5.4: Pasture production (Mg ha-1) under each treatment in 2002, 2003, 2004 and 2005. 0N: 0 kg 
total N ha-1; 100N: 100 kg total N ha-1; 200N: 200 kg total N ha-1 and 400N: 400 kg total N ha-1. Different 
letters indicate significant differences between treatments. Vertical lines indicate mean standard error. 
Only significant regressions were shown. 
 
Cumulative pasture production during the experimental period confirmed an 
increased pasture production at the medium (200N) and high (400N) sewage sludge 
treatments in 2004 and 2005 (p<0.001) (Figure 5.5). 
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Figure 5.5: Cumulative pasture production under each treatment for the period 2002- 2005 (Mg ha-1). 0N, 
0 kg total N ha-1; 100N: 100 kg total N ha-1; 200N: 200 kg total N ha-1 and 400N: 400 kg total N ha-1. 
Vertical lines indicate mean standard error. 
 
5.4.3.2. Species richness 
Figure 5.6 shows that species richness was significantly higher at the end of the 
experiment in 2004 and 2005 than in 2002 and 2003 (p<0.001). In 2002, species 
richness was significantly affected by the fertilisation treatments (p<0.05). In this year, 
the low (100N) sewage sludge treatment increased species richness more than the 
medium fertiliser (200N) treatment. The fertilisation treatments applied also 
significantly effected (p<0.05) the average species richness in the years 2002, 2003, 
2004 and 2005 (0N: 6b; 100N: 8a; 200N: 6b; 400N: 7b) (different superscript letters 
indicate significant differences between treatments). The average species richness was 
higher under the low fertiliser (100N) sewage sludge treatment compared with the other 
treatments (0N, 200N and 400N). 
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Figure 5.6: Annual evolution of species richness under each treatment in 2002, 2003 2004 and 2005. 0N: 
0 kg total N ha-1; 100N: 100 kg total N ha-1; 200N: 200 kg total N ha-1 and 400N: 400 kg total N ha-1. 
Different capital letters indicate significant differences between years, and different lowercase letters 
indicate significant differences between treatments in each year. Vertical lines indicate mean standard 
error. 
 
5.4.3.3. Pasture abundance diagrams 
Pasture abundance diagrams for the different fertilisation treatments in 2002, 
2003, 2004 and 2005 are shown in Figure 5.7. From Figure 5.6, the abundance diagrams 
confirm that the number of species was higher at the end of the study (2005) than at the 
beginning (2002). In 2002, the number of dicotyledonous species was higher than the 
number of monocotyledonous species in all treatments. However, in subsequent years 
(i.e., 2003, 2004 and 2005), the proportion of dicotyledonous species was higher than 
the proportion of monocotyledonous species in the no fertiliser (0N) sewage sludge and 
the low fertiliser (100N) sewage sludge treatments. In the other treatments (200N and 
400N), there were more monocotyledonous than dicotyledonous species. Agrostis 
capillaris L. and Holcus lanatus L. were present in all treatments and all years. They 
were also the most dominant species throughout the study. Agrostis capillaris L. was 
the dominant species in the no fertilisation treatment (0N), and in the low (100N) and 
medium (200N) sewage sludge treatments. However, the proportion of Holcus lanatus 
L. was higher when the high (400N) sewage sludge treatment was applied as compared 
to the other treatments (0N, 100N and 200N). The presence of sown species (Dactylis 
glomerata L., Lolium perenne L. and Trifolium repens L.) was low. 
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Figure 5.7: Species abundance diagrams for the treatments applied in 2002, 2003, 2004 and 2005. Aca: Agrostis capillaris L., Acu: Agrostis curtisii Kerguélen, Be: Bellis 
perennis L., Br: Bromus mollis L., Ca: Carduus sp, Cap: Capsella bursa-pastoris L., Cen: Centaurea limbata Hoffmanns. / Link, Cer: Cerastium glomeratum Thuill, Cyn: 
Cynosurus cristatus L., Dg: Dactylis glomerata L., Fe: Festuca rubra L., Ga: Galium sp, Gr: Geranium rotundifolium L., Hl: Holcus lanatus L., J: Juncus effusus L., Lm: 
Lolium multiflorum Lam., Lp: Lolium perenne L., Lt: Lotus corniculatus L., Mo: Molinia caerulea (L.) Moench, Or: Ornithopus compressus L., Pl: Plantago lanceolata L., 
Poa: Poa pratensis L., Ps: Pseudarrhenatherum longifolium (Thore) Rouy, Ra: Rumex acetosa L., Rn: Ranunculus repens L., Ro: Rumex obtusifolius L., Rp: Raphanus 
raphanistrum L., Se: Senecio jacobaea L., Son: Sonchus oleraceus L., St: Stellaria media L. (Vill), Ta: Taraxacum officinale Weber, Tc: Trifolium campestre Schreber, Tp: 
Trifolium pratense L., Tr: Trifolium repens L., Ul: Ulex europaeus L., Ve: Veronica agrestis L. and Vs: Vicia sativa L. 
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5.5. DISCUSSION 
The use of sewage sludge as a fertiliser is usually described as beneficial for 
plant growth due its contribution to the improvement of soil properties (Smith, 1996; 
Egiarte et al., 2009; Mosquera-Losada 2006, 2010c; Rigueiro-Rodríguez et al, 2010a, 
2010b). In this study, we found an initial amelioration of different soil properties such 
as EEC and Ca saturation percentage. The changes in Ca saturation percentage can be 
explained by the Ca inputs from the sewage sludge application (100N applied 57.5 kg 
CO3Ca ha-1, 200N added 115 kg CO3Ca ha-1 and 400N applied 229.95 kg CO3Ca ha-1). 
However, these Ca contributions to the soil were not enough to modify other soil 
properties such as soil pH. López-Díaz et al. (2007) used a silvopastoral system 
established with Pinus radiata D. Don to show that soil fertility increased as the pH and 
the Ca saturation percentage increased due to the input of Ca from sewage sludge. The 
change in soil pH observed by López-Díaz et al. (2007) may be due to the high dose of 
sewage sludge used in comparison to our study. Furthermore, the sewage sludge was 
applied for three consecutive years, which implies a higher total Ca input into the soil as 
compared to our study (230 kg CO3Ca ha-1, 461.4 kg CO3Ca ha-1 and 692.4 kg CO3Ca 
ha-1) in the López-Díaz et al. (2007) experiment. The effects of additional Ca on soil 
improvement under favourable weather conditions are evident in the tree and pasture 
production results. 
In 2006, the ranges of Quercus rubra L. heights and diameters were 2.25-3.11 m 
and 16.92-27.90 mm, respectively. These values were greater than the tree heights 
(1.38-1.99 m) and diameters (4-10 mm) reported by Kormanik et al. (2005) in a study 
carried out in North Carolina after four years of experimentation on the same species. 
The largest tree heights were recorded at the medium (200N) and high (400N) sewage 
sludge treatments rather than the no fertilisation (0N) treatment. These results can be 
explained by the fact that these treatments resulted in high-nutrient inputs to the soil. 
Furthermore, the amount of N applied by these treatments (200N and 400N) may be too 
high for the pasture to take up but are nevertheless useful for the trees because the 
nitrate is leached to deeper soil horizons where tree roots are developed. Similar results 
were also reported by López-Díaz et al. (2009) and Rigueiro-Rodríguez et al. (2010a) 
regarding silvopastoral systems established under Pinus radiata D. Don in agrarian soils 
in Galicia. A reduction in soil nutrient leaching by root uptake in silvopastoral systems 
was also reported by Nair et al. (2007), Rigueiro-Rodríguez et al. (2008a) and 
Mosquera-Losada et al. (2010a) as one of the main advantages of silvopastoral as 
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compared with treeless pasture. Although the high doses (400N) of sewage sludge 
improved tree heights, it had no evident effect on tree diameters. This is likely due to 
the higher proportion of Holcus lanatus L. in this treatment as compared to the other 
treatments (0N, 100N and 200N) in which Agrostis capillaris L. was the dominant 
species in the pasture. Holcus lanatus L. is a species associated with more fertile soils 
than Agrostis capillaris L. (Grime et al., 2007) and can capture more soil N, which 
typically limits the diameter growth of trees. In 2008, Laliberté et al. (2008) performed 
a study by directly seeding Quercus rubra L. on recently abandoned pastureland in 
Canada to find that herbaceous vegetation had no early effect on tree height. However, 
it slightly decreased diameter, which could have long-term biological significance. In 
the present experiment it was shown that diameter development depends on the type of 
dominant herbaceous species growing in the silvopastoral system. 
Similar studies carried out in abandoned agricultural soils in Galicia reported 
that the average production of the pasture was between 6 and 12 Mg ha-1 (Mosquera-
Losada et al., 1999). In this study, this production range was surpassed in the last two 
years of the experiment in 2004 and 2005. However, annual pasture production was less 
than this reported range in 2002 and was similar to this reported range in 2003. The 
highest levels of annual pasture production in 2004 can be explained by the lack of 
drought during the summer months of this year, which increased the length of the 
growing season. This result was also observed by Rigueiro-Rodríguez et al. (2010a) and 
Mosquera-Losada et al. (2010c) in silvopastoral systems established in the same area 
under Pinus radiata D. Don and Populus x canadensis Moench, respectively. Moreover, 
in 2002, the mean monthly temperature was lower than the mean temperature over the 
previous 30 years, which could have limited pasture production and prevented a 
response to treatments in terms of pasture production. In 2003 and 2004, the medium 
(200N) and high (400N) sewage sludge treatments showed higher pasture production 
than the other treatments. This could be due to a residual effect (EPA, 1994; Smith, 
1996) from N mineralisation after sewage sludge application for two consecutive years. 
Mosquera-Losada et al. (2010c) and Rigueiro-Rodríguez et al. (2010a) also found high 
pasture production when the dose of the sewage sludge was increased. In 2005, 
significant differences were not detected between treatments because there was no 
further residual effect of sewage sludge application.  
Even though a clear initial effect on soil fertility was found, pasture and tree 
development also affected soil characteristics and subsequently impacted species 
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richness over time. In this study, a change in soil pH was observed in 2006 with respect 
to the beginning of the experiment (2003), but this was not a result of sewage sludge 
inputs. The change in soil pH can be attributed to the incorporation of pasture litter, 
including leaves and roots from Quercus rubra L., into the sandy soil. The trees were 
able to take up cations (Ca, K, Mg) that had been previously moved downward in the 
soil with percolating water and incorporate these cations again into the silvopastoral 
system soil after leaves fell. Soil improvement following the establishment of a tree 
plantation as compared to leaving open swards has been previously described by 
Mosquera-Losada et al. (2010c). Soil EEC in our study was low and below 10 cmol (+) 
kg-1 soil, which can be explained by the high sand fraction in the soil at the 
experimental site (Brady and Weil, 2008). At the beginning of the study (2003), a 
change in soil EEC was observed when sewage sludge was applied (Smith, 1996). 
However, when sewage sludge application ceased, the effect of the treatments on EEC 
disappeared. This is likely due to the sandy soil in the experimental area, which would 
allow the cations to be easily leached through the soil profile. Moreover, it was also 
observed that EEC and thus most available cations were higher at the end of the 
experiment (2006) than in previous years; however, there were no differences between 
fertilization dose treatments. The change in EEC can be explained by the establishment 
of the pasture and trees, which increased the organic matter input into the soil (Nieder et 
al., 2003); a similar phenomenon was described for Pinus radiata D. Don and Betula 
alba L. by Fernández-Núñez et al. (2010a). In other silvopastoral systems established in 
the same area by Mosquera-Losada et al. (2010c) and Rigueiro-Rodríguez et al. (2010b) 
using Populus x canadensis Moench and Fraxinus excelsior L., respectively, similar 
results for pH and EEC were observed. It is important to highlight the increased Ca 
saturation percentage in the exchange complex and the reduction in the Al saturation 
percentage in 2006 as compared to 2003, 2004 and 2005 (Smith, 1996). However, the K 
saturation percentage in the exchange complex was lower at the end of the experiment 
in 2006 than in the other years of the study, and the Mg saturation percentage followed 
the same trend. A strong antagonism between Mg and Ca (O’Riordan et al., 1987; 
Vivekanandan et al., 1991; Rigueiro-Rodríguez et al., 2006) and between K and Ca in 
the soil has been described, with both Mg and K being preferentially leached (Barber, 
1995; Rigueiro-Rodríguez et al., 2006), which could explain these results. Moreover, 
reduction in K at the end of the experiment in 2006 and the lack of differences between 
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treatments may also be attributed to low K in the sewage sludge (Mosquera-Losada et 
al., 2010b). 
Regarding species richness, it was observed that the number of species increased 
in 2004 and 2005 as compared with 2002 and 2003. These results can be explained by 
the change in soil pH because the less restrictive edaphic conditions lead to an increase 
in the number of species (Mosquera-Losada et al., 2009a). Increasing soil pH and low 
fertilizer inputs increased species richness mainly due to the increase of dicotyledonous 
(better developed in cation rich environments) and the reduction of monocotyledonous 
species, which increases their competitive advantage under more nitrogen rich 
environment (Grime et al., 2007). Moreover, the silvopastoral system was established 
under Quercus rubra L., which is a deciduous species and allows better light 
penetration than conifers. Species richness should be higher in this type of silvopastoral 
system as compared to those established under exotic conifer, such as Pinus radiata D. 
Don, in Galicia once tree canopy closure happens (Mosquera-Losada et al., 2006; 
Fernández-Núñez et al., 2010b). The low (100N) sewage sludge treatment resulted in 
higher species richness than the medium (200N) and high (400N) sewage sludge 
treatments. As reported by Thompson et al. (2001), the increase in fertilisation reduces 
the invasion of weeds and the number of species. In contrast, Agrostis capillaris L. was 
the most abundant species in the study, probably due to the grazing sheep but mostly 
when low doses of sewage sludge were applied. Agrostis capillaris L. grows 
vegetatively from stolons (Grime et al., 2007), which spread due to damage during 
sheep grazing. This result was also found by Krahulec et al. (2001) in a study that took 
place in the Krkonose Mountains (Czech Republic). However, Holcus lanatus L. 
appeared under the high (400N) sewage sludge treatment because this species is 
associated with more fertile soils than Agrostis capillaris L. (Grime et al., 2007). In this 
study, a reduction in tree diameter due to the higher uptake of N of Holcus lanatus L. as 
compared to Agrostis capillaris L was observed. In the present study, the presence of 
sown species (Dactylis glomerata L., Lolium perenne L. and Trifolium repens L.) was 
low because Dactylis glomerata L. was not well established due to the drought and 
grazing sheep. Furthermore, Lolium perenne L. and Trifolium repens L. require more 
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5.6. CONCLUSION 
While the effect of sewage sludge on pasture production depended on the 
weather conditions of a specific year, tree growth and pasture production increased 
when 200 and 400 kg of total N ha-1 were applied. Thus, it was advised application of 
approximately 200 kg of total N ha-1 to enhance both components in a silvopastoral 
system. Sewage sludge applications initially improved soil nutrient levels (EEC and Ca 
saturation percentage); however, the establishment of pasture and trees improved soil 
conditions and increased species diversity, showing the most diversity under 100 kg of 
total N ha-1 treatments. 
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6. DISCUSIÓN GENERAL 
6.1. SUELO 
En los sistemas silvopastorales establecidos en Galicia, la producción de pasto y 
el crecimiento del arbolado pueden verse limitados por la baja fertilidad del suelo 
(Barrecheguren et al., 1992; Mosquera-Losada et al., 1999). El uso del lodo de 
depuradora como fertilizante se considera normalmente beneficioso para el crecimiento 
de las plantas debido a la mejora de la fertilidad edáfica que causa su aplicación por lo 
que su uso se potencia y promueve por diferentes instituciones y autores (UE, 1986; 
EPA, 1994; Smith, 1996; Hillman et al., 2003). Los tres ensayos que forman parte de 
esta tesis son representativos de los suelos gallegos, en los que el pH es ácido (pH<6), 
lo que normalmente conduce a una reducida disponibilidad de cationes y nutrientes y 
por lo tanto limita la producción del pasto y/o arbolado que se desarrolla sobre ellos 
(Mosquera, 1992; Whitehead, 2000; Sánchez-Rodríguez et al., 2002; Nilsson, 2003). El 
pH es uno de los principales indicadores de la fertilidad de un suelo y puede modificarse 
por los aportes de calcio, bien sea a través de enmiendas calizas (Bailey, 1995; López-
Mosquera et al., 1995; López-Díaz et al., 2007), de la quema (Rois et al., 2006; 
Rigueiro et al., 2010c), por la incorporación de material orgánico rico en este elemento, 
como son los lodos de depuradora urbana (Smith, 1996; Egiarte et al., 2005; López-
Díaz et al., 2007) o la incorporación de hojas y otros residuos vegetales en el suelo 
(Porta et al, 2003; Moreno-Marcos y Obrador-Olán, 2007; Mosquera-Losada, 2010c). 
En nuestros estudios hemos encontrado que el pH se ha visto modificado por el aporte 
de lodo y por la incorporación de materia orgánica procedente del pasto y del arbolado 
en suelos de carácter arenoso, aunque la magnitud de la respuesta depende del tipo de 
suelo en el que se aplica el fango y del tipo de estabilización empleada. Así, en el 
estudio establecido con Quercus rubra L, se observó un mayor pH del suelo al final del 
estudio que al principio, probablemente debido a la incorporación al suelo de los restos 
del pasto y de las hojas y raíces de Quercus rubra L. y de la capacidad del arbolado de 
tipo caducifolio de consumir los cationes de capas más profundas del suelo en 
comparación con las superficiales exploradas por el pasto, tal y como ha sido descrito 
con Quercus ilex L. (Moreno-Marcos y Pulido, 2008). Este resultado también fue 
encontrado por Mosquera-Losada et al. (2010c) en sistemas silvopastorales establecidos 
en suelos arenosos con la caducifolia Populus x canadensis Moench. Sin embargo, en 
los ensayos establecidos con Pinus radiata D. Don y Fraxinus excelsior L. el 
establecimiento del pasto y el arbolado no supuso un incremento del pH del suelo con el 
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paso del tiempo, ya que el pH del suelo disminuyó en el último año de estudio con 
respeto al primero. En estas condiciones, la disminución de pH ocasionada por el 
incremento en la proporción de H+ en el sistema edáfico la atribuimos a que las 
extracciones por parte del pasto y el arbolado son mayores que los insumos realizados 
con el aporte del lodo y al propio proceso de mineralización del lodo y restos vegetales 
(NH4+ es transformado en NO3- y se libera H+ en el proceso de nitrificación) 
(Whitehead, 1995). El efecto del lodo sobre la acidez edáfica depende del tipo de suelo 
en el que se aplica, lo que provoca diferencias en la respuesta en suelos agrícolas (con 
mayor pH) y forestales (con menor pH). Así, y tal y como sucede en nuestro estudio, la 
respuesta del pH al aporte de lodos en los suelos forestales con Pinus radiata D. Don 
resultó ser mayor cuando se fertilizó con lodo anaeróbico que cuando se aplicó mineral 
y se sembró pasto (López-Díaz et al., 2007), debido a la mayor aplicación al suelo de Ca 
y Mg y micronutrientes con el lodo en comparación con el abonado mineral (Smith, 
1996; López-Díaz et al., 2007; Mosquera-Losada et al., 2010b). Este efecto positivo del 
lodo en comparación con el abonado mineral sobre el pH del suelo también se aprecia 
en suelos agrícolas de pH próximo a la neutralidad (Mosquera-Losada et al., 2006), en 
los que la disminución del pH causada por las extracciones del cultivo y las abundantes 
precipitaciones de Galicia fue menor cuando se fertilizó con lodo que cuando se aplicó 
el abono mineral. En suelos con pH intermedios no suele modificarse el pH como 
consecuencia de dosis crecientes de lodo; así, en el sistema silvopastoral con Quercus 
rubra L., no se observó que las diferentes dosis de lodo aplicadas (100 kg de N total ha-
1, 200 kg de N total ha-1 y 400 kg de N total ha-1) modificaran significativamente el pH 
del suelo, debido probablemente a que la cantidad de Ca aplicada durante dos años 
consecutivos (100N aplicó 57,5 kg CO3Ca ha-1, 200N añadió 115 kg CO3Ca ha-1 y 
400N aplicó 229,95 kg CO3Ca ha-1) con este tipo de fertilización orgánica no fue 
suficiente como para cambiar el pH del suelo. La ausencia de respuesta del pH del suelo 
a la fertilización con lodos de lechería también fue observada por Rigueiro-Rodríguez et 
al. (2000) en sistemas silvopastorales establecidos en suelos agrícolas con Pinus radiata 
D. Don y con pH inicial de 6,8, debido a que al tratarse de suelos agrícolas ya existía 
una historia de mejora de encalado reciente y a que el lodo utilizado tenía un pH 
próximo al del suelo. Finalmente, también hemos encontrado que el tipo de lodo 
también afecta de forma diferenciada al pH para una misma dosis de nitrógeno. Así, en 
el estudio desarrollado con Fraxinus excelsior L., en el que se comparaba el aporte de 
320 kg de N total ha-1  en forma de lodo compostado, anaeróbico y peletizado, se 
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encontró que el lodo compostado supuso un incremento del pH del suelo en 
comparación con el lodo anaeróbico, el lodo peletizado y la ausencia de fertilización, 
debido a los aportes de Ca que se hacen al fertilizar con aquel tipo de lodo, más rico en 
este elemento que el anaeróbico o el peletizado (Mosquera-Losada et al., 2010b). El 
mayor efecto del lodo compostado se justifica porque éste tipo de residuo presenta una 
menor proporción de N en su composición que el lodo anaeróbico o el lodo peletizado y 
por ello es necesario aplicar dosis más altas de lodo compostado que de los otros dos 
tipos de lodo para poder alcanzar las mismas dosis de N total. Las mayores dosis de 
lodo empleadas con el lodo compostado, en comparación con el anaeróbico o 
peletizado, y la mayor concentración de Ca, K y Mg en el lodo compostado implicó que 
en el experimento desarrollado con Fraxinus excelsior, en suelos de pH intermedio, el 
lodo compostado aportara al suelo alrededor de 1835,8 kg Ca ha-1, 99,53 kg K ha-1 y 
541,9 kg Mg ha-1, mientras que sólo 90,51 kg Ca ha-1, 28,66 kg K ha-1 y 67,88 kg Mg 
ha-1 fueron añadidos con el lodo anaeróbico y 776.85 kg Ca ha-1, 23.07 kg K ha-1 y 
158,96 kg Mg ha-1 con el lodo peletizado, lo que justifica el mayor incremento del pH 
edáfico obtenido con el lodo compostado. 
La capacidad de intercambio catiónico efectiva (CIC) del suelo es otra 
característica importante al abordar su fertilidad. Los suelos gallegos se caracterizan por 
poseer unas CIC reducidas debido a su elevada acidez natural y al importante lavado de 
los cationes. En los tres ensayos de esta tesis, que incluyen zonas de monte y agrícolas, 
encontramos que la CIC fue baja, con valores casi siempre inferiores a 10 cmol (+) kg-1 
de suelo, lo que puede explicarse por la elevada proporción de arena de los suelos 
(Brady y Weil, 2008). Por lo tanto, la fertilidad edáfica en estos ensayos es reducida al 
tratarse de suelos ácidos con baja CIC. Por otro lado, la mayor fertilidad de los suelos 
agrícolas con Pinus radiata D. Don en comparación con los suelos forestales con esta 
especie arbórea, vuelve a ponerse de manifiesto en la mayor CIC que presentaron los 
suelos agrícolas en comparación con los suelos forestales. En los sistemas 
silvopastorales establecidos con frondosas, los resultados obtenidos muestran un 
incremento de la CIC con el paso del tiempo, no siendo tan evidente este efecto en el 
caso de la conífera establecida tanto en suelos agrícolas como en los forestales. Este 
aumento de la CIC del suelo, desde el principio al final de los dos ensayos con 
frondosas, puede explicarse por la baja CIC inicial derivada del laboreo que se realizó 
en las fincas experimentales al comienzo de los estudios que rompió la estructura de los 
agregados del suelo (Dexter, 1988). Con el paso del tiempo, la incorporación de restos 
Parte VI  Dicusión General 
 114
vegetales y la exploración del suelo por parte de raíces y animales invertebrados del 
suelo provocaron una mejora de su estructura. Además, la adición de fertilizantes, el 
establecimiento del pasto y el arbolado y por tanto el consiguiente aporte de materia 
orgánica al suelo favorecieron el incremento de la CIC bajo frondosas (Nieder et al., 
2003), tal y como encontraron Fernández-Núñez et al. (2010a) en estudios con Betula 
alba L. y Mosquera-Losada et al. (2010c) en sistemas silvopastorales establecidos con 
Populus x canadensis Moench. El incremento de la CIC del suelo con el paso del 
tiempo también supuso un aumento de la disponibilidad de la mayoría de los cationes 
edáficos, siendo importante la mejora del porcentaje de saturación del Ca en el complejo 
de cambio en detrimento del porcentaje de saturación de Al (Smith, 1996). En concreto 
la aplicación de lodo compostado supuso un mayor aporte de Ca y Mg al suelo que la de 
lodo anaeróbico y lodo peletizado, cationes que reemplazan al Al en el complejo de 
cambio (Smith, 1996, Prasad and Power, 1997; Speir et al., 2004) y producen un 
incremento del contenido total y disponible del Ca en el mismo (Mosquera-Losada et 
al., 2001, 2009b; Rigueiro-Rodríguez et al., 2008b) desde el inicio del ensayo hasta el 
final del estudio. Por otra parte, en el sistema silvopastoral realizado con Quercus rubra 
L. se encontró que al mismo tiempo que se incrementaba el porcentaje de saturación del 
Ca en el complejo de cambio con el paso del tiempo se reducía el porcentaje de 
saturación del K y tendía a disminuir el de Mg debido al antagonismo existente entre el 
Mg y el Ca (O’Riordan et al., 1987; Vivekanandan et al., 1991; Rigueiro-Rodríguez et 
al., 2006) y entre el K y el Ca, que provocan una pérdida de esos cationes (K y Mg) por 
lavado (Barber, 1995; Rigueiro-Rodríguez et al., 2006).  
El efecto de la dosis de lodo sobre los niveles de CIC fue en general positivo, tal 
y como obtuvieron López-Díaz (2004) y Rodríguez-Barreira (2007) en sistemas 
silvopastorales establecidos en suelo forestal con Pinus radiata D. Don y Mosquera-
Losada et al. (2010c) en sistemas silvopastorales con Populus x canadensis Moench en 
suelo agrícola. Así, el incremento de la dosis de lodo anaeróbico aplicando 200 kg de N 
total ha-1 en el sistema silvopastoral establecido con Quercus rubra L. ocasionó un 
incremento de la CIC en comparación con la ausencia fertilización, probablemente 
debido a los aportes de Ca al suelo que supone la fertilización con lodo de depuradora 
(Smith, 1996). Sin embargo, no se encontró un efecto residual al año siguiente del cese 
del aporte de lodo, probablemente debido a que el experimento se estableció en un suelo 
arenoso en el que los cationes pueden ser lavados fácilmente. La evaluación del efecto 
de la dosis de lodo anaeróbico sobre los niveles de CIC en el caso de los suelos 
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agrícolas desarbolados reveló una mayor CIC del suelo en comparación con la 
fertilización mineral, debido a la mejora de las propiedades físicas del suelo que supone 
la aplicación de lodos de depuradora (Smith, 1996) y a que la fertilización mineral sólo 
añade N, P y K al suelo, reduciéndose los niveles de otros cationes debido a las 
extracciones por parte del pasto y el arbolado (Whitehead et al., 1995). En los suelos 
forestales repoblados con Pinus radiata D. Don el reducido pH del suelo limitó la 
actividad biológica del mismo (Omil et al., 2007; Djukic et al., 2009) y por lo tanto no 
hubo diferencias significativas apreciables del efecto de los diferentes tratamientos 
(siembra de pasto y fertilización con mineral o con lodo) sobre la CIC del suelo. 
Finalmente, las dosis de lodo anaeróbico, compostado y peletizado aplicadas en el 
sistema silvopastoral establecido con Fraxinus excelsior L. fueron bajas, lo que impidió 
que se observara un efecto claro del aporte de los diferentes tipos de lodo sobre la CIC 
del suelo. Sin embargo, el efecto positivo sobre la CIC de la fertilización con grandes 
aportes de residuos orgánicos en suelos con menores contenidos en materia orgánica 
que los nuestros ha sido recogido por autores como Vivekanandan et al. (1991) y Smith 
(1996). 
Cuando se aplican fertilizantes al suelo es importante hacer un seguimiento de la 
cantidad de N y P aportada, ya que sólo menos de la mitad del N o del P aplicado con 
los fertilizantes es usado por los cultivos, siendo el exceso de fertilizante, sobre todo 
nitrogenado, lavado a través del perfil del suelo, provocando la contaminación de las 
aguas y la eutrofización de las mismas (Cassman, 1999). La mayor fertilidad de los 
suelos agrícolas en comparación con los forestales, se detectó en el ensayo con Pinus 
radiata D. Don establecido en ambos tipos de suelos, ya que la concentración de N y P 
total fue mayor en los suelos agrícolas con Pinus radiata D. Don que en los suelos 
forestales. Además, los suelos agrícolas presentaron una mayor proporción de Trifolium 
repens L. en la composición del pasto, lo que pudo incrementar las entradas de N al 
suelo, ya que esta especie pratense, asociada a suelos fértiles y con bajos niveles en 
nitrógeno disponible, es capaz de fijar N atmosférico mediante el establecimiento de 
relaciones de simbiosis con bacterias del género Rhizobium (González, 1992; 
Whitehead, 1995; Green et al., 1999; López-Díaz et al., 2009). Autores como González 
(1992) han señalado que en pastos establecidos en el noroeste de Galicia un 30% de 
Trifolium repens L. en el pasto puede incorporar al suelo hasta 250 kg ha-1 año-1 de N. 
Si nos centramos sólo en los suelos agrícolas con Pinus radiata D. Don se vio como en 
el último año de estudio la siembra de pasto, la plantación del arbolado y la fertilización 
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con lodo de depuradora anaeróbico incrementó más el N y el P total del suelo que las 
mismas condiciones pero con fertilización mineral, debido a que los lodos de 
depuradora se caracterizan por una liberación más lenta de nutrientes que el abonado 
mineral (EPA, 1994; Smith, 1996) y por lo tanto su efecto se prolonga en el tiempo. En 
los suelos agrícolas desarbolados también se detectó una mayor cantidad de P 
disponible cuando se fertilizó con lodo de depuradora aneróbico y abono mineral, en 
comparación con la ausencia fertilización, tal y como ya habían obtenido previamente 
en sus estudios Allen et al. (2006) y Nair et al. (2007), lo que permite explicar la mayor 
producción de pasto en las parcelas fertilizadas con lodo que en las no fertilizadas. A 
pesar de estos resultados obtenidos en los suelos agrícolas, en los suelos forestales con 
Pinus radiata D. Don no hubo un efecto claro de los tratamientos aplicados 
(fertilización y siembra de pasto) sobre las siguientes variables edáficas: N y P total y P 
disponible por el método Mehlich, probablemente debido al bajo pH del suelo, que 
dificultó la actividad biológica y la incorporación de estos nutrientes al suelo (Omil et 
al., 2007; Djukic et al., 2009).  
En relación al efecto de la dosis de lodo sobre la posible contaminación de las 
aguas ocasionada por el lavado de nitratos hay que señalar que encontramos que este 
lavado fue mayor al inicio del estudio, tanto en los suelos agrícolas con Pinus radiata 
D. Don como en los suelos forestales con esta especie arbórea, probablemente debido a 
la ausencia de vegetación al inicio del ensayo, lo que favoreció el lavado, ya que no 
había una cubierta vegetal que absorbiera este nutriente. La mayor tasa de 
mineralización encontrada en los terrenos agrícolas provocó que en ellos se superasen 
los niveles máximos permitidos por la Unión Europea para el consumo de agua (11, 3 
mg NO-3 –N L-1) (UE, 1980). Sin embargo, con el transcurso del tiempo el adecuado 
establecimiento del pasto y del arbolado disminuyó el lavado de nitratos a pesar de los 
insumos de fertilizante mineral realizados anualmente. En general, tras los tres primeros 
meses de establecimiento, la concentración de nitratos en el agua lixiviada fue mayor en 
los suelos agrícolas con Pinus radiata D. Don que en los suelos forestales con esta 
conífera (Knight et al., 1989), no encontrándose diferencias significativas entre 
tratamientos a partir de esta fecha. Este resultado pudo ser debido al mayor pH inicial de 
los suelos agrícolas, lo cual implicó una mayor tasa de mineralización y por lo tanto un 
mayor lavado de nitratos. Además, inicialmente los suelos forestales con Pinus radiata 
D. Don presentaron en el pasto una mayor proporción de especies gramíneas perennes 
que los suelos agrícolas en los que inicialmente predominaron especies anuales lo cual 
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redujo el lavado de nitratos en los suelos forestales en comparación con los suelos 
agrícolas, ya que las gramíneas se caracterizan por su mayor capacidad de absorción de 
nitrato del suelo (Humphreys et al., 2006; Abberton et al., 2008). La presencia inicial de 
especies anuales dicotiledóneas, como Chamomilla recutita L., en el pasto de los suelos 
agrícolas con Pinus radiata D. Don también pudo incrementar el lavado de nitratos en 
este tipo de suelos, ya que las especies dicotiledóneas son más ricas en N que las 
especies monocotiledóneas y al morir implican un mayor aporte de N al suelo (Hanley 
et al., 1992; Paré et al., 2006). 
Es importante tener en cuenta el efecto del lodo de depuradora sobre la 
concentración de Cu y Zn en el suelo y en las plantas, debido que éstos son los metales 
con mayores insumos cuando se fertiliza con lodos, ya que son los que están presentes 
en mayor concentración (Smith, 1996; Mosquera-Losada et al., 2010b). En el sistema 
silvopastoral establecido con Fraxinus excelsior L. todos los valores de Cu y Zn total en 
suelo resultaron ser inferiores a los valores máximos permitidos por la legislación 
española para el uso de lodo de depuradora como fertilizante en suelos ácidos (Cu: 50 
mg kg-1 y Zn: 150 mg kg-1) (R.D. 1310/1990) (BOE, 1990). En el ensayo con Fraxinus 
excelsior L. se observó una menor cantidad de Cu y Zn total en el suelo al final del 
estudio que al principio, debido al lavado de Cu y Zn a través del perfil edáfico y a las 
extracciones por parte del pasto y del arbolado. Tal y como se vio en el caso del Ca, la 
aplicación de lodo compostado también supuso una mayor concentración de Cu y Zn en 
el suelo, probablemente debido a las mayores aplicaciones de Cu y Zn al suelo (4,46 kg 
Cu ha-1 y 27,76 kg Zn ha-1) en comparación con el lodo anaeróbico (3,59 kg Cu ha-1 y 
26,43 kg Zn ha-1) o el lodo peletizado (1,74 kg Cu ha-1 y 14,47 kg Zn ha-1). Además, el 
lodo compostado incrementó más el pH del suelo que los otros tipos de lodo, lo cual 
normalmente implica una reducción de la solubilidad del Cu y Zn, debido al incremento 
de la capacidad de intercambio catiónico (Prasad and Power, 1997). En China, Miao-
Miao et al. (2007) también encontraron que el uso del lodo compostado como 
fertilizante incrementaba la concentración de Cu y Zn en el suelo, pero en ese estudio la 
concentración de Cu y Zn en la composición del lodo empleado (Cu: 2316 mg kg-1 y 
Zn: 2971 mg kg-1) era muy superior a la de nuestro caso, debido a que procedía de una 
zona más industrial. Un incremento de la concentración de Cu y Zn en el suelo como 
resultado del uso de lodo de depuradora como fertilizante también fue encontrado por 
Yuan (2009) y por Mosquera-Losada et al. (2010b). 
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6.2. ALTURA Y DIÁMETRO DEL ARBOLADO 
En este estudio se ha observado que la fertilización con lodos de depuradora 
mejora el crecimiento del arbolado, ya que las tres especies forestales utilizadas para el 
establecimiento de los sistemas silvopastorales (Pinus radiata D. Don, Fraxinus 
excelsior L. y Quercus rubra L.) presentaron un crecimiento mayor, tanto en altura 
como en diámetro, cuando fueron fertilizadas con lodo en comparación a cuando no se 
fertilizó. Este resultado nos muestra, en primer lugar, los beneficios del abonado con 
lodos de depuradora en el crecimiento de las distintas especies forestales y, en segundo 
lugar, que sin fertilización el suelo no es capaz de poner a disposición del árbol los 
nutrientes que éste necesita para su desarrollo óptimo. Además, si se comparan los 
valores obtenidos de altura y diámetro de Pinus radiata D. Don, Fraxinus excelsior L. y 
Quercus rubra L. con los obtenidos por otros autores se vuelve a poner de manifiesto 
que la fertilización, tanto con lodo de depuradora como con mineral, favorece el 
crecimiento del arbolado, ya que en nuestro estudio los valores de altura y diámetro son 
superiores a los obtenidos en otros estudios para las mismas especies forestales a la 
misma edad. En el caso del Pinus radiata D. Don, se obtuvo una altura (164-193 cm) y 
un diámetro en la base (4,95-5,8 cm) mayores que los obtenidos por López-Díaz et al. 
(2009) (altura: 73,2-87.1 cm y diámetro: 1,69-2,03 cm) en un estudio llevado a cado en 
suelo agrícola con pH cercano al neutro (pH 6,3) en el que se fertilizó con lodos de 
depuradora urbana y por Sánchez-Rodríguez (2000) en un estudio también establecido 
en el noroeste de España. En cuanto al crecimiento del Fraxinus excelsior L., la altura 
(104-135 cm) y el diámetro (10,81-14,04 mm) se encontraron dentro del rango 
establecido por Mwase et al. (2008) (altura comprendida entre 23–275 cm y diámetro de 
15,3 mm) en el Reino Unido a pesar de que en el caso de Mwase et al. (2008) las 
condiciones climáticas favorecían más el crecimiento del arbolado debido a que 
normalmente el clima en el Reino Unido se caracteriza por la ausencia de sequía en 
verano, lo que permite al arbolado crecer en esta estación, a diferencia de lo que ocurre 
en Galicia. Quercus rubra L. también presentó un crecimiento en altura y en diámetro 
de un 37,12% y 68,76%, respectivamente, mayor al que citan Kormanik et al. (2005) en 
un estudio establecido en el Norte de Carolina para la misma especie. 
En general, la fertilización con lodos de depuradora mejoró el crecimiento del 
arbolado, pero este efecto fue diferente en función de la dosis empleada y del tipo de 
lodo utilizado (anaeróbico, compostado o peletizado). Las dosis medias (200 kg de N 
total ha-1) y altas (400 kg de N total ha-1) de lodo de depuradora implicaron un mayor 
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crecimiento en altura del Quercus rubra L. que la ausencia de fertilización, debido a que 
a estas dosis de lodo se suministran grandes cantidades de N al suelo, que no es 
utilizado en su totalidad por el pasto y queda a disposición de los árboles, debido a que 
el nitrato se lava hacia las capas más profundas del suelo en las que se desarrollan las 
raíces del arbolado (López-Díaz et al., 2009; Rigueiro-Rodríguez et al., 2010a). En 
relación al tipo de lodo, inicialmente se observó un mayor crecimiento en diámetro de 
Fraxinus excelsior L. cuando se fertilizó con lodo anaeróbico que cuando no se fertilizó, 
este efecto positivo puede ser atribuido a la mejora de la fertilidad del suelo y al 
aumento de la capacidad de retención de agua del mismo como consecuencia de la 
fertilización con este residuo cuando se establece la plantación (Wolstenholme et al., 
1992). Sin embargo, al final del estudio, sólo el lodo peletizado mostró un incremento 
significativo de la altura y el diámetro de los árboles, y el lodo compostado del 
diámetro, en comparación con la fertilización mineral, lo cual puede ser atribuido a la 
mayor producción de pasto en el tratamiento mineral, que hace que aumente la 
competencia entre el pasto y el arbolado, a la aplicación anual del lodo peletizado, que 
suministra nutrientes de forma continuada, y al incremento de la fertilidad edáfica que 
provocó el lodo compostado.  
 Por otro lado, hay que señalar que el crecimiento del arbolado, además de verse 
influenciado por la fertilización, también va a depender de las condiciones climáticas, 
tal y como le sucede a la producción de pasto, como se verá más adelante, y por el 
establecimiento de ciertas especies herbáceas adventicias en el pasto que ejercen 
competencia por los nutrientes limitando así el crecimiento del arbolado. El efecto del 
clima sobre el crecimiento de la especie arbórea se pone de manifiesto en el caso del 
Pinus radiata D. Don, que presentó un rápido crecimiento inicial debido a las elevadas 
precipitaciones registradas durante el verano posterior a la plantación, lo cual redujo las 
diferencias entre los tratamientos establecidos (Rigueiro-Rodríguez et al., 2000; 
Mosquera-Losada et al., 2006; Rigueiro-Rodríguez et al., 2010a). En relación a la 
influencia de la vegetación herbácea sobre el crecimiento del arbolado, se observó que 
el crecimiento en diámetro de Quercus rubra L. era menor en las parcelas que tenían 
mayor proporción de Holcus lanatus L., en comparación con las parcelas en las que 
predominaba Agrostis capillaris L., debido probablemente a que Holcus lanatus L. se 
asocia a suelos más fértiles que Agrostis capillaris L. (Grime et al., 2007) y por lo tanto 
captura más N del suelo, limitando así el crecimiento en diámetro de Quercus rubra L. 
En un estudio llevado a cabo en Canadá en el que se hizo una siembra directa de 
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Quercus rubra L. también se observó que la presencia de vegetación herbácea 
disminuía el crecimiento en diámetro del arbolado, no siendo este efecto evidente en el 
caso del crecimiento en altura (Laliberté et al., 2008). 
 
6.3. PASTO 
6.3.1. Producción de pasto 
La producción de pasto en los ensayos establecidos en este estudio fue diferente 
en función de las condiciones climáticas, del tipo de suelo (agrícola o forestal), del tipo 
de fertilización (mineral o lodo de depuradora), de las dosis de lodo aplicadas (0, 100, 
200 y 400 kg de N total ha-1) y del tipo de lodo con el que se fertilizó (anaeróbico, 
compostado y peletizado).  
En los sistemas silvopastorales establecidos en suelo agrícola abandonado y con 
especies frondosas se observó un efecto muy marcado del clima sobre la producción de 
pasto. En el ensayo con Fraxinus excelsior L., la producción de pasto anual fue menor 
que la que normalmente se obtiene en la región, ésto pudo ser debido a la sequía 
registrada en los años 2005, 2006, 2007 y 2008 (precipitación media mensual menor a 
la precipitación registrada en los 30 años anteriores) y a las bajas temperaturas de 
principios de año que también limitaron, en el año 2002, la producción de pasto del 
sistema silvopastoral establecido con Quercus rubra L. (Mosquera-Losada et al., 1999). 
En el estudio con roble americano también se observó que la ausencia de sequía durante 
el verano del año 2004 le permitió al pasto prolongar su periodo de crecimiento, 
incrementándose así la producción estacional y anual de pasto. Resultado similar 
obtuvieron Rigueiro-Rodríguez et al. (2010a) y Mosquera-Losada et al. (2010c) en 
sistemas silvopastorales establecidos en la misma zona con Pinus radiata D. Don y 
Populus x canadensis Moench, respectivamente. 
En relación al tipo de suelo, la producción de pasto fue mayor en los suelos 
agrícolas bajo Pinus radiata D. Don que en los forestales con esta especie arbórea 
debido a la mayor fertilidad que en general presentaron los suelos agrícolas, lo cual se 
pone de manifiesto por el mayor pH del suelo, la mayor CIC y la mayor cantidad de N 
total y P total. Además, la mayor presencia de Trifolium repens L. en el pasto de los 
suelos agrícolas con Pinus radiata D. Don, en comparación con el pasto de los suelos 
forestales, también pudo incrementar la producción de pasto, ya que esa especie 
leguminosa fija N atmosférico mediante simbiosis con bacterias del género Rhizobium 
(González, 1992; Whitehead, 1995; Green et al., 1999; López-Díaz et al., 2009), lo cual 
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aumenta las entradas de N al suelo y favorece la producción de pasto. Por otro lado, 
tanto en los suelos agrícolas desarbolados o con Pinus radiata D. Don como en los 
suelos forestales plantados con esta especie arbórea, la fertilización con lodo incrementó 
más la producción de pasto que la fertilización con mineral, debido al mayor efecto 
residual de los fertilizantes orgánicos en comparación con los inorgánicos (EPA, 1994) 
y a que el lodo añade al suelo mayor cantidad de Ca, Mg y micronutrientes que el 
fertilizante mineral (Smith, 1996; López-Díaz et al., 2007; Mosquera-Losada et al., 
2010b). Por lo tanto, el uso de los lodos de depuradora como fertilizantes permite 
reciclar gran cantidad de nutrientes a la vez que se incrementa la producción de pasto. 
Además, si nos centramos sólo en los suelos agrícolas, la plantación de Pinus radiata D. 
Don y la fertilización mineral también disminuyeron la producción de pasto debido a la 
mayor extracción de cationes del suelo por parte del pasto y del arbolado en 
comparación con los suelos agrícolas sin arbolado.  
Tal y como se observó en el crecimiento de Quercus rubra L., las dosis de 200 y 
400 kg de N total ha-1 incrementaron más la producción de pasto que la no fertilización 
o la dosis de 100 kg de N total ha-1, este resultado podría deberse al mayor efecto 
residual de la mineralización del N que presentan las dosis más altas de lodo de 
depuradora en comparación con las dosis más bajas (EPA, 1994; Smith, 1996). Otros 
autores como Mosquera-Losada et al. (2010c) y Rigueiro-Rodríguez et al. (2010a) 
también encontraron en sus estudios establecidos en la zona una mayor producción de 
pasto al aumentar las dosis de lodo de depuradora. Hay que señalar que el efecto de la 
dosis de 200 kg de N total ha-1 sobre la producción de pasto y el crecimiento del 
Quercus rubra L. fue el mismo que el de la dosis de 400 kg de N total ha-1, por lo que 
desde un punto de vista económico y medioambiental sería suficiente con aplicar dosis 
de lodo que implicaran insumos de 200 kg de N total ha-1, ya que las dosis superiores 
supondrían importantes cantidades de N no utilizadas por el pasto y el arbolado que 
podrían ser lavadas a través del perfil del suelo provocando la contaminación de las 
aguas (Nair et al., 2007). 
Si nos centramos en el efecto del tipo de lodo empleado para fertilizar en el 
sistema silvopastoral con Fraxinus excelsior L. sobre la producción de pasto, se observó 
que a pesar de la mejora edáfica inicial que supuso el lodo anaeróbico y el lodo 
compostado, fue el lodo peletizado el que incrementó más la producción de pasto al 
final del estudio, debido a la aplicación anual repetida de N que se hizo al fertilizar con 
este tipo de residuo en comparación con los otros (compostado y anaeróbico). La 
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ausencia de repuesta de la producción de pasto a la fertilización con lodo compostado 
pudo ser debida a la menor tasa de mineralización y disponibilidad de N en el 
tratamiento con lodo compostado comparativamente con los tratamientos con lodo 
anaeróbico o lodo peletizado, tal y como indica la EPA (1994), que cifra en alrededor 
del 20% la tasa de mineralización del lodo anaeróbico y del 10% la del lodo 
compostado, en ambos casos en el primer año de aplicación. El efecto del lodo 
compostado sobre la producción de pasto y el crecimiento en altura del arbolado podría 
llegar a manifestarse con el paso del tiempo, tal y como sucede en nuestro caso en el 
diámetro del arbolado. Otros autores, como Warman y Termeer (2004), también 
encontraron una mejor respuesta inicial de los cultivos a la aplicación de lodo 
anaeróbico que a la de lodo compostado, para una dosis similar de N total. 
 
6.3.2. Composición botánica del pasto 
En general, en los estudios con frondosas se observó que la baja fertilidad del 
suelo limitó el establecimiento de las especies sembradas (Dactilys glomerata L., 
Lolium perenne L. y Trifolium repens L.) (Rigueiro-Rodríguez et al., 2000; Grime et al., 
2007) y favoreció la presencia de especies espontáneas como Agrostis capillaris L. 
Además, en el estudio establecido en suelos forestales y agrícolas con Pinus radiata D. 
Don, a pesar de la mayor fertilidad de los suelos agrícolas que la de los suelos 
forestales, hubo un mejor establecimiento inicial de las especies sembradas (Dactilys 
glomerata L. y Lolium perenne L.) en los suelos forestales que en los agrícolas, debido 
a la presencia de especies anuales en el banco de semillas de los suelos agrícolas que 
desplazan a las especies sembradas, ya que los terófitos se caracterizan por su rápido 
crecimiento y capacidad de colonización (abundantes semillas y germinación rápida) 
(Grime et al., 2007; Mosquera-Losada et al., 2009a). Sin embargo, las especies 
sembradas, como Dactilys glomerata L. y Lolium perenne L., normalmente no se 
adaptan bien a la baja fertilidad de los suelos forestales, siendo en este tipo de suelos 
menos extractivas que las especies no sembradas (Whitehead, 1995) las cuales reducen 
la proporción de N en el suelo, lo que provoca una disminución de la presencia y 
abundancia de esas dos especies de siembra al final del estudio en los suelos forestales 
con Pinus radiata D. Don en los que se sembró pasto. La proporción de Trifolium 
repens L. fue mayor en los suelos agrícolas con Pinus radiata D. Don que en los suelos 
forestales con este árbol, debido a que ese trébol se desarrolla mejor en los suelos más 
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fértiles (Grime et al., 2007) y con mayores niveles de potasio en el suelo (Mosquera-
Losada y González-Rodríguez, 1997). 
 En los suelos agrícolas con Fraxinus excelsior L. y Quercus rubra L., en los que 
se simuló pastoreo rotacional con ovejas, la especie que apareció en mayor proporción 
fue Agrostis capillaris L., que se adapta bien al pastoreo con estos animales debido a su 
crecimiento vegetativo mediante estolones (Grime et al., 2007). Este resultado también 
se observó en otros estudios desarrollados en la República Checa por Krahulec et al. 
(2001). Otras especies que aparecieron en el pasto pastoreado por ovejas en elevada 
proporción fueron Dactylis glomerata L. y Holcus lanatus L., siendo su presencia 
mayor en aquellas parcelas con mayor fertilidad del suelo, ya que estas especies se 
asocian a suelos más fértiles que Agrostis capillaris L. (Grime et al., 2007), tal y como 
se ha demostrado en suelos con pH por debajo de 4,97 en el caso de Dactylis glomerata 
L. (Mosquera-Losada et al., 2001).  
Si nos centramos en los suelos forestales con Pinus radiata D. Don, la 
proporción de especies sembradas (Dactilys glomerata L. y Lolium perenne L.) fue 
mayor cuando se sembró pasto que cuando no se realizó la siembra, siendo Agrostis 
stolonifera L. la especie espontánea presente en mayor proporción en los suelos 
forestales no sembrados, lo que indica que el banco de semillas de las especies de 
siembra era reducido en estos suelos. La mejora edáfica del suelo forestal con Pinus 
radiata D. Don que supuso la fertilización con lodo de depuradora o con fertilizante 
mineral se observa en la primavera del último año de estudio, cuando empieza a ser 
importante la presencia de Trifolium repens L. en el pasto, ya que el trébol necesita 
suelos fértiles para establecerse (Grime et al., 2007) y una vez que se establece es una 
especie muy adecuada en el pasto de los sistemas silvopastorales, puesto que compite 
menos por los nutrientes con el arbolado que las gramíneas, e incluso lo favorece a 
través del aporte de nitrógeno, favoreciendo además la persistencia de un estrato 
herbáceo que evita el riesgo de incendios (López-Díaz et al., 2009). 
En relación a la riqueza específica del pasto de los suelos agrícolas con Fraxinus 
excelsior L. y Quercus rubra L. hay que señalar que el efecto de los tratamientos de 
fertilización sobre la fertilidad del suelo explica en buena parte el crecimiento del 
arbolado, la producción de pasto y la biodiversidad. Es importante destacar que en el 
sistema silvopastoral establecido con Quercus rubra L. se encontró una mejora en la 
riqueza específica o número de especies del pasto al final del estudio debido al efecto 
positivo del desarrollo del pasto y el arbolado en el suelo arenoso sobre las propiedades 
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físico-químicas del suelo (Mosquera-Losada et al., 2009a). Sin embargo, la riqueza 
específica se vio reducida en aquellas praderas en las que se aplicaron dosis medias (200 
kg de N tota ha-1) y altas (400 kg de N tota ha-1) de lodo de depuradora en comparación 
con aquellas que recibieron dosis bajas (100 kg de N tota ha-1) de lodo, probablemente 
debido a que las dosis altas incrementaron más la fertilidad química del suelo, tal y 
como se pone de manifiesto por el mayor crecimiento del arbolado y la mayor 
producción de pasto, y en general, un aumento de la fertilidad del suelo suele 
acompañarse de un menor número de especies invasoras y por lo tanto una disminución 
del número de especies en el pasto (Thompson et al., 2001). Este mismo resultado fue 
observado en el sistema silvopastoral establecido con Fraxinus excelsior L. inicialmente 
al aplicar lodo anaeróbico, ya que incrementó en mayor medida la producción de pasto 
y la fertilidad del suelo, y al final del estudio al aplicar lodo peletizado, debido a que los 
aportes anuales de N que se hicieron al fertilizar con el lodo peletizado incrementaron 
más la fertilidad del suelo en los últimos años que los otros tratamientos. 
 
6.3.3. Calidad del pasto 
Las concentraciones de proteína bruta (58-183 g kg-1) y P (1,6-4,8 g kg-1) del 
pasto establecido en suelo agrícola y forestal con Pinus radiata D. Don fueron similares 
a las concentraciones descritas por Whitehead (1995) (80-250 g kg-1) y Grime et al. 
(2007) (1,5-4,5 g kg-1), respectivamente, con la excepción del pasto correspondiente a 
las cosechas de verano que presentó menor cantidad de proteína bruta debido a que es la 
época de floración que se caracteriza por la disminución de la concentración de 
nitrógeno en planta y un aumento del contenido en fibra (Whitehead, 1995). 
Si se comparan los suelos agrícolas con Pinus radiata D. Don con los suelos 
forestales repoblados con esta especie forestal se observa que los niveles de proteína 
bruta y la concentración de P del pasto fueron mayores en los pastos desarrollados en 
suelos agrícolas que en los suelos forestales. Este resultado podría ser explicado por la 
mayor fertilidad (mayor pH, mayor CIC, mayor nivel de cationes) de los suelos 
agrícolas, lo que implica un aumento de los niveles de P y proteína bruta del pasto en 
estos suelos. 
Si nos centramos en los suelos forestales con Pinus radiata D. Don encontramos 
que la siembra de pasto en este tipo de suelos disminuyó aún más los niveles de proteína 
bruta en el pasto que la ausencia de siembra, debido a que con la siembra se mejora el 
establecimiento de Dactylis glomerata L. y Lolium perenne L., poco adaptadas a suelos 
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poco fértiles como son los suelos forestales, lo que las hace menos extractivas que las 
especies espontáneas (Whitehead, 1995) y reduce la cantidad de N del pasto. 
Por otro lado, el pasto del sistema silvopastoral establecido con Fraxinus 
excelsior L. presentó unas concentraciones de Zn (18,63–49,31 mg kg-1) y Cu (1,4-7,2 
mg kg-1) menores que las que normalmente presenta el pasto (Zn: 27–150 mg kg-1) 
(Cu:10-80 mg kg-1) (Smith, 1996; Loué, 1988) e inferiores a los niveles de Zn (100-400 
mg kg-1) y Cu (20-100 mg kg-1) que son considerados excesivos o tóxicos para las 
plantas (Kabata-Pendías y Pendías, 2001). El tipo de lodo (anaeróbico, compostado y 
peletizado) influyó en la concentración de Zn (elemento aportado en mayor cantidad 
con el lodo de entre los metales regulados por el RD 1310/90) en las plantas, mientras 
que no se observó un efecto claro sobre la cantidad de Cu en el pasto. El lodo 
anaeróbico tendió a incrementar la concentración de Zn en el suelo y en el pasto, tal y 
como previamente habían observado Mosquera-Losada et al. (2001) en estudios 
establecidos en suelos ácidos de Galicia. A pesar de los mayores aportes de Zn al suelo 
con el lodo compostado, que implicó un incrementó del Zn total y disponible del suelo, 
no se encontró un efecto claro de este tratamiento sobre la concentración de Zn en el 
pasto, tal vez debido al aumento del pH del suelo asociado a este tratamiento, que pudo 
reducir la disponibilidad del Zn para las plantas (Prasad and Power, 1997).  
En relación a las necesidades nutricionales de los animales, en el estudio con 
Pinus radiata D. Don, la cantidad de proteína bruta del pasto de las cosechas de verano 
de los años 2007 y 2008 no fue suficiente para cubrir las necesidades de mantenimiento 
del ganado ovino (94 g kg-1) (NRC, 1985), equino (85 g kg-1) (NRC, 1989) y caprino 
(60 g kg-1) (Lamand, 1981). Sin embargo, la concentración de P en el pasto de este 
estudio fue suficiente para alimentar al ganado ovino (1,6-3,7 g kg-1) (NRC, 1985), 
equino (2 g kg-1) (NRC, 1989) y caprino (2,5 g kg-1) (Lamand, 1981).  
Una concentración de Zn en planta de 500 mg kg-1 puede ser considerada tóxica 
para el ganado vacuno, ovino y equino (Smith, 1996). El pasto del estudio con Fraxinus 
excelsior L. no ha alcanzado este valor, por lo que no se puede considerar que haya 
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7. CONCLUSIONES 
 En nuestros estudios hemos observado que el pH del suelo y la capacidad de 
intercambio catiónico se han visto modificados positivamente por el aporte de lodo y 
por la incorporación de materia orgánica al suelo procedente del establecimiento del 
pasto y del arbolado en suelos arenosos, aunque la magnitud de la respuesta va a 
depender del tipo de suelo (agrícola o forestal), de la dosis de lodo y del tipo de 
estabilización empleada en el lodo aportado (anaeróbica, compostaje y peletización). El 
pH del suelo y la capacidad de intercambio catiónico fueron mayores en los suelos 
agrícolas con Pinus radiata D. Don que en los suelos forestales repoblados con esta 
especie arbórea. El pH del suelo aumentó al fertilizar con lodo compostado que aporta 
unas mayores cantidades de calcio, mientras que la capacidad de intercambio catiónico 
fue mayor al aumentar las dosis de lodo de depuradora tal y como se observó en los 
experimentos desarrollados bajo Fraxinus excelsior L y Quercus rubra L. 
 Los suelos agrícolas sin arbolado o con Pinus radiata D. Don presentaron una 
mayor incorporación del lodo que los suelos forestales plantados con esta especie 
arbórea, debido al mayor pH y actividad microbiana, lo que incrementó la 
disponibilidad de nitratos y P en los suelos agrícolas y por lo tanto el riesgo de lavado 
de estos elementos, siendo más relevante el lavado de nitratos al inicio del experimento, 
cuando los árboles y el pasto no se habían desarrollado lo suficiente como para absorber 
los nitratos liberados tras el aporte de lodo en el suelo agrícola. 
 En el estudio con Fraxinus excelsior L., la aplicación de lodo compostado 
supuso una mayor concentración total de Cu y Zn en el suelo que el lodo anaeróbico y 
peletizado debido a los mayores aportes de Cu y Zn al suelo con este tipo de lodo, en 
todo caso, los valores de Cu y Zn registrados fueron inferiores a los permitidos en suelo 
por la legislación vigente (Cu: 50 mg kg-1 y Zn: 150 mg kg-1) (R.D. 1310/1990) que 
regula el empleo de lodo de depuradora urbana con fines agrícolas. 
 La respuesta del crecimiento del arbolado a la fertilización con lodos de 
depuradora va a depender de las condiciones climáticas, no encontrándose una respuesta 
positiva cuando el clima limita el crecimiento del arbolado, tal y como sucedió en el 
estudio con Pinus radiata D. Don. Cuando las condiciones climáticas lo permitieron, la 
fertilización con lodos de depuradora mejoró el crecimiento del arbolado pero la 
magnitud de la respuesta fue diferente en función de la dosis empleada y del tipo de 
lodo utilizado (anaeróbico, compostado o peletizado). Las dosis medias (200 kg de N 
total ha-1) y altas (400 kg de N total ha-1) de lodo de depuradora incrementaron el 
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crecimiento del Quercus rubra L. mientras que el crecimiento del Fraxinus excelsior 
L. fue mayor cuando se fertilizó con lodo peletizado que cuando se aplicó lodo 
anaeróbico o compostado (320 kg de N total ha-1). 
 La producción de pasto se vio afectada por los tratamientos cuando las 
precipitaciones y temperaturas fueron adecuadas para el desarrollo del pasto. La 
producción de pasto fue mayor en los suelos agrícolas que en los suelos forestales con 
Pinus radiata D. Don debido a la mayor disponibilidad de nutrientes de los suelos 
agrícolas y cuando se aplicó lodo de depuradora en comparación con la fertilización 
mineral. Al igual que en el arbolado, la producción de pasto también aumentó al aplicar 
dosis medias (200 kg de N total ha-1) y altas (400 kg de N total ha-1) de lodo de 
depuradora y cuando se fertilizó con lodo peletizado. 
 En los sistemas silvopastorales establecidos bajo Fraxinus excelsior L. y 
Quercus rubra L., la ausencia de fertilización y el pastoreo con ovejas limitó el 
establecimiento de las especies sembradas (Dactilys glomerata L., Lolium perenne L. y 
Trifolium repens L.) y favoreció la presencia de especies espontáneas como Agrostis 
capillaris L. En los suelos forestales con Pinus radita D. Don el establecimiento de las 
especies sembradas (Dactilys glomerata L. y Lolium perenne L.) fue mejor que en los 
suelos agrícolas repoblados con esta especie de árbol, en los que se establecieron 
inicialmente mejor especies anuales dicotiledóneas. Sin embargo, debido a la baja 
fertilidad de los suelos forestales, el porcentaje de estas dos especies de siembra 
disminuyó después del establecimiento del experimento. 
 En los estudios con Fraxinus excelsior L. y Quercus rubra L. se observó un 
aumento de la riqueza específica del pasto con el paso de los años debido al efecto 
positivo del desarrollo del pasto y el arbolado en el suelo arenoso sobre la fertilidad 
física del suelo, pero a su vez también se encontró que la riqueza específica disminuyó 
al aplicar dosis medias (200 kg de N tota ha-1) y altas (400 kg de N tota ha-1) de lodo de 
depuradora y al inicio y al final del estudio al fertilizar con lodo anaeróbico y lodo 
peletizado, respectivamente, ya que estos tratamientos incrementaron la fertilidad 
química del suelo lo que favoreció el desarrollo de especies de siembra en detrimento de 
las especies invasoras provocando una disminución del número total de especies. 
 La menor fertilidad de los suelos forestales plantados con Pinus radiata D. Don 
que de los suelos agrícolas desarbolados o repoblados con esta especie arbórea, así 
como, el mejor establecimiento de Dactylis glomerata L. y Lolium perenne L. en los 
suelos forestales disminuyó los niveles de proteína bruta y la concentración de P del 
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pasto debido a la menor disponibilidad de nutrientes en los suelos forestales en 
comparación con los suelos agrícolas y a la mayor capacidad de extracción de nutrientes 
de las especies sembradas que de las especies espontáneas. 
 Las concentraciones de Zn y Cu en el pasto desarrollado bajo Fraxinus 
excelsior L. fueron inferiores a los niveles considerados como excesivos o tóxicos para 
las plantas. El lodo anaeróbico incrementó más la concentración de Zn en el pasto que 
los otros tipos de lodo de depuradora. 
 En los sistemas silvopastorales, la fertilización con lodos de depuradora permite 
el reciclaje de este residuo a la vez que incrementa la producción de pasto y el 
crecimiento del arbolado. Las dosis de 200 y 400 kg de N total ha-1 incrementaron de 
forma similar la producción de pasto y el crecimiento del arbolado por lo que desde un 
punto de vista económico y medioambiental sería suficiente con aplicar dosis de lodo 
que implicaran insumos de 200 kg de N total ha-1. Debería promoverse el uso del lodo 
peletizado ya que este tratamiento mejora la producción de pasto y arbolado y, al tener 
un menor contenido en agua que los lodos compostados y digeridos anaeróbicamente, 
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8. CONCLUSIONS 
 Soil pH and cation exchange capacity was positively modified by the inputs of 
sewage sludge as well as by the establishment of pasture and trees in sandy soils, which 
increased the organic matter inputs into the soil. The magnitude of the response 
depended on the type of soil (agronomic or forest), sewage sludge dose and the 
stabilization type of sewage sludge (anaerobic, composted and pelletized). Soil pH and 
the cation exchange capacity were higher in the agronomic soils with Pinus radiata D. 
Don than in the forest soils with this tree species. Soil pH was increased when 
composted sludge was applied (which has a higher level of Ca), being the cation 
exchange capacity improved as the dose of sewage sludge was increased as observed 
under Fraxinus excelsior L. and Quercus rubra L. 
 Sludge incorporation into the agronomic soils planted with Pinus radiata D. Don 
or treeless pastures was better than the forest soils with this tree species due to the 
higher pH and microbial activity of the former, which increases nitrate and P 
availability, and therefore the risk of leaching. Nitrate leaching from soils was only 
relevant if trees and pasture were not enough developed to uptake nitrate. 
 In the study with Fraxinus excelsior, the use of composted sludge as fertilizer 
increased the total concentration of Cu and Zn in the soil compared with the anaerobic 
or pelletized sludge due to the higher input rates of Cu and Zn into the soil made by the 
composted sludge. In any case, the total soil concentrations of Cu and Zn found in the 
experiment were always below the maximums set by Spanish regulations for the use of 
sewage sludge in agriculture for acid soils (Cu: 50 mg kg-1 and Zn: 150 mg kg-1) (R.D. 
1310 ⁄ 1990) 
 Tree growth response to sludge inputs depended on climatic conditions. No 
answer to sewage sludge was found when specific weather conditions limited tree 
growth, as happened in the experiment of Pinus radiata D. Don. When tree growth was 
allowed, the fertilization with sewage sludge improved tree growth, but the magnitude 
of the response depended on the sludge dose and the type of sludge used (anaerobic, 
composted and pelletized). Medium (200 kg total N ha-1) and high (400 kg total N ha-1) 
doses of sewage sludge increased the growth of Quercus rubra L., while Fraxinus 
excelsior L. growth was better with pelletized than anaerobic or composted sludge (320 
kg total N ha-1). 
 Pasture production was increased by the treatments when the precipitation and 
the temperatures were adequate to allow pasture development. Pasture production was 
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also higher in the agronomic than in the forest soils planted with Pinus radiata D. Don, 
due to the better nutrient availability in the agronomic soils, and also pasture production 
was positively affected by the sewage sludge addition compared with mineral. As in the 
trees, pasture production was increased by the application of medium (200 kg total N 
ha-1) and high (400 kg total N ha-1) doses of sewage sludge and when pelletized sludge 
was applied. 
  In the silvopastoral systems developed under Fraxinus excelsior L. and Quercus 
rubra L., the lack of fertilization and sheep grazing limited the establishment of the 
sown species (Dactilys glomerata L., Lolium perenne L. and Trifolium repens L.) and 
favoured the presence of spontaneous species such as Agrostis capillaris L. The 
establishment of the sown species (Dactilys glomerata L. and Lolium perenne L.) was 
better in forest soils with Pinus radiata D. Don than in agronomic soils, where dicot 
annual species were initially established. However, due to the low soil fertility of the 
forest soils, the percentage of these grass sown species decreased after the establishment 
of the experiment. 
 In the studies under Fraxinus excelsior L. and Quercus rubra L. it was observed 
that the pasture species richness increased over time due to the positive effect of the 
establishment of the pasture and trees on the soil physical fertility in sandy soils. 
However, it was also found that the improvement of the soil chemical fertility reduced 
the invasion of weeds and therefore the number of species when medium (200 kg total 
N ha-1) and high (400 kg total N ha-1) doses of sewage sludge were applied and 
anaerobic and pelletized sludge were used at the beginning and at the end of the 
experiment, respectively. 
 The lower fertility of the forest soils with Pinus radiata D. Don than the treeless 
or Pinus radiata D. Don planted agronomic soils as well as the best establishment of 
Dactylis glomerata L. and Lolium perenne L. in forest soils decreased the levels of 
crude protein and P in the pasture due to the lower of nutrient availability in forest 
soils compared with agronomic soils and the higher extraction capacity of these 
nutrients by sown than unsown species. 
 The concentrations of Zn and Cu in pasture under Fraxinus excelsior L. were 
below the levels that are considered excessive or toxic for plants. Anaerobic sludge 
increased more the concentration of Zn in pasture than the other types of sewage sludge. 
 In silvopastoral systems, the fertilization with sewage sludge allows nutrient 
recycling of this residue while increases pasture production and tree growth. The doses 
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of 200 and 400 kg total N ha-1 increased pasture production similarly and the tree 
growth, therefore, from an economic and environmental point of view would be 
sufficient to apply 200 kg total N ha-1. The pelletized sludge should be promoted 
because this type of sludge enhances tree and pasture production, allows for better 
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The effects of fertilization with anaerobic, composted
and pelletized sewage sludge on soil, tree growth,
pasture production and biodiversity in a
silvopastoral system under ash (Fraxinus excelsior L.)
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Crop Production Department, High Polytechnic School, University of Santiago de Compostela, Santiago de
Compostela, Spain
Abstract
In silvopastoral systems, tree growth and the composi-
tion and productivity of pasture can be modified by
management practices such as initial fertilization when
tree seedlings are more sensitive to understorey com-
petition. The aim of this study was to compare the
effects of fertilization with different types of sewage
sludge (anaerobic sludge, composted sludge and pellet-
ized sludge), using different rates of incorporation and
mineralization with traditional treatments (with and
without mineral fertilizers) on the growth of newly
established ash (Fraxinus excelsior L.) and on pasture
development, to obtain sustainable management prac-
tices that enhance the growth of both components. Soil
characteristics, tree growth, sward composition and
pasture development were modified differently accord-
ing to the type of sewage sludge used, and for similar
total nitrogen inputs. Anaerobic sludge had a higher
initial effect on both tree and pasture productivity.
Pelletized sludge sustained better tree and pasture
production. Composted sludge was found to be the
most appropriate treatment for improving soil charac-
teristics over the long term on sandy soils. It was
concluded that pelletized sludge should be promoted
because it enhances productivity, allows for better
nutrient recovery and is less costly to store and apply
compared with anaerobic sludge and composted sludge.
No toxic concentrations of Zn or Cu were found in
plants or in the soil despite higher concentrations being
present in the applied sludge than in soil.
Keywords: agroforestry, Zn, waste, afforestation, land
use change, Spain
Introduction
Silvopastoral systems are a type of agroforestry system
in which trees and grazing are combined, resulting in
benefits for wood production (with long-term economic
returns) and livestock (with short-term economic
returns) (Rigueiro-Rodrı́guez et al., 2005). Agroforestry
systems are sustainable land management techniques
that are promoted by the EU [Council Regulation
1698 ⁄ 2005 (EU, 2005)]. Agroforestry systems have
also received favourable evaluations from farmers in
Europe; for example, a sample of 214 farmers inter-
viewed in fourteen areas of Europe, half indicated they
would attempt silvo-arable agroforestry on their farm
(Graves et al., 2008).
In the early stages of the development of silvopastoral
systems established through afforestation, competition
between trees and pasture can be high (Nair and Graetz,
2004; Rigueiro-Rodrı́guez et al., 2008a). In newly
established systems, adequate management should
aim to optimize silvopastoral outputs through the
selection of trees and pasture species as well as through
fertilization inputs. Shrub development should be
avoided through frequent clearing in order to avoid
shrub–tree competition and fire risk (Rigueiro et al.,
2009). Moreover, in early stages of establishment
pasture–tree competition should be avoided, either
through mulching or by providing forage for grazing
animals (Wagner et al., 2006).
The European Ash (Fraxinus excelsior L.) is a widely
distributed tree species that integrates well into silvo-
pastoral systems in the Atlantic biogeographic region of
Europe (McAdam and Hoppé, 1996; McAdam and
Sibbald, 2000). European ash trees possess apical
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dominance and deep roots that avoid root competition
between trees and pasture; these roots enhance nutri-
ent recovery from the deep soil layer up into the
system, making them compatible with silvopastoral
systems. Moreover, as a deciduous species, it allows
better light penetration than conifers during the
autumn and early spring, and provides shading during
the summer, thereby reducing evapotranspiration and
thus enhancing pasture production when compared
with pasture under conifers or on open pasture sites.
The open crowns of ash trees also allow light to reach
the pasture surface, and they do not intercept much
rain (McEvoy, 2004). The most appropriate pasture
species for silvopastoral system implementation are
those that are well adapted to shading, such as Dactylis
glomerata L. (Mosquera-Losada et al., 2001, 2006).
However, legume species also enhance pasture quality
and production as well as tree growth (Whitehead,
1995; López-Dı́az et al., 2009).
In Galicia, the natural soils have low fertility due to
their acidity (Zas and Alonso, 2002). This acidity implies
a high concentration of saturated aluminium in the
exchange complex and low cation and phosphorus
availability (Prasad and Power, 1997; Rigueiro-Rodrı́-
guez et al., 2007). The EU promotes the use of sewage
sludge as a fertilizer because of its specific organic
matter and content of macronutrients, particularly N
(MMA, 2006). However, a higher concentration of
heavy metals (mainly Zn and Cu) in sewage sludge than
is normally found in soil, as well as long-term sludge
loadings, limits the use of sewage sludge according to
the Spanish (R.D. 1310 ⁄ 1990; BOE, 1990) and Euro-
pean Directives (86 ⁄ 278 ⁄ CEE; DOCE, 1986) in order to
prevent harmful effects on soil and vegetation, and on
animal and human health.
Anaerobic digestion and composting are two sewage
sludge stabilization processes which are promoted by
the EU (EEA, 2000) before the sludge is used as a
fertilizer in agriculture. However, sewage sludge stabi-
lized by these processes contains a high proportion of
water. Pelletized sewage sludge is derived from the
thermic treatment of anaerobic digested sewage sludge
in order to reduce water content to 2%, which
consequently reduces storage, transport and spreading
costs compared with anaerobic or composted sludge
(COM) (Mosquera-Losada et al., 2009). Each type of
sewage sludge has different characteristics, nutrient
contents (Mosquera-Losada et al., 2009) and rates of
incorporation into the soil according to the treatment
stabilization (EPA, 1994) and the specific local climate.
The aim of this study was to evaluate the effects of
municipal sewage sludge that has been stabilized by
either anaerobic digestion, composting or pelletization,
on changes in soil chemical properties, tree growth,
understorey production, biodiversity in terms of sward
botanical composition and quality of pasture compared
with treatments (receiving either mineral fertilizers or
no fertilization) in a silvopastoral system under F.
excelsior L. during a 4-year period.
Materials and methods
Characteristics of the study site
The experiment was conducted in A Pastoriza (Lugo,
Galicia, NW Spain, European Atlantic Biogeographic
Region; t 43 14¢ N, 7 21¢ W; 550 m a.s.l.). Figure 1
shows the mean monthly precipitation and temperatures
for 2005, 2006, 2007 and 2008 and the previous 30-year
mean. Total annual rainfall was 824Æ3, 1157Æ5, 734Æ4 and
1222Æ3 mm in 2005, 2006, 2007 and 2008 respectively.
Very low precipitation was observed in 2005 and 2007
compared with the 30-year mean. There were periods of
drought from April to July 2006 and from June to
October 2008, which would have been unfavourable for
tree growth and pasture production during these periods.
The annual mean temperature was mild (12C).
The experiment was carried out on abandoned
agricultural land. The soil texture at the start of the
experiment was sandy (91Æ81 sand, 4Æ92 silt and 3Æ27%
clay) and pH (water) was moderately acidic at 5Æ6.
Although the initial soil Mehlich 3-P concentration
(35Æ1 mg kg)1) can be considered high (Sawyer et al.,
2008), no risk of phosphorous leaching has been found
in the area because of the high soil acidity, which leads
to a soil P storage capacity (Mosquera-Losada et al.,
2008). All heavy metal concentrations in the soil
(Table 1) were below the maximum threshold for using
sewage sludge as fertilizer as specified by the European
Union Directive 86 ⁄ 278 ⁄ CEE (DOCE, 1986) and Span-
ish legislation under R.D. 1310 ⁄ 1990 (BOE, 1990).
Experimental design
At the beginning of the experiment, the soil was double
ploughed to a depth of 50 cm, which is traditional
practice in the area, and the pasture was sown with a
mixture of D. glomerata L. var. Artabro (12Æ5 kg ha)1),
Lolium perenne L. var. Brigantia (12Æ5 kg ha)1) and
Trifolium repens L. var. Huia (4 kg ha)1) in autumn
2004. Bare-rooted 1-year old plants of F. excelsior L.
(typical height of 25 cm) were planted at a density of
952 trees ha)1, with a distance between rows of
3Æ0 · 3Æ5 m. The experimental design was a randomized
block with three replicates and five treatments distrib-
uted in experimental units of 168 m2 with twenty-five
trees arranged in a frame of 5 · 5 trees. The treatments
consisted of (i) no fertilization (NF); (ii) mineral
fertilization (MIN) with 500 kg ha)1 8:24:16 compound
fertilizer (N:P2O5:K2O) at the beginning of the growing
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Figure 1 Monthly precipitation and mean temperatures for the study area in 2005, 2006, 2007 and 2008, and mean data for the
last 30 years. T: mean monthly temperature (ºC); T30: 30-year mean temperature; P, mean monthly precipitation (mm); and P30:
30-year mean precipitation.
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Figure 2 Soil pH in water (a), exchange capacity [cmol (+) kg)1] (b), aluminium saturation percentage in soil exchange complex
(%) (c) and amount of Ca extracted by Mehlich (%) (d) in each treatment in the years 2006, 2007 and 2008. NF, no fertilization; MIN,
mineral; ANA, anaerobic sludge; COM, composted sludge and PEL, pelletized sludge. Different letters indicate significant differences
between treatments. Vertical lines indicate mean standard error.
250 A. A. Rigueiro-Rodrı́guez et al.
 2010 Blackwell Publishing Ltd. Grass and Forage Science, 65, 248–259
season and 40 kg N ha)1 after first harvest (MIN);
(iii) fertilization with anaerobically digested sludge with
an input of 320 kg total N ha)1 before pasture sowing
(ANA); (iv) fertilization with composted sewage sludge
with an input of 320 kg total N ha)1 before pasture
sowing (COM) and (e) application of pelletized sewage
sludge, which involved a total input of 320 kg total N
ha)1 split into 134 kg total N ha)1 just after pasture
sowing in 2004, and 93 kg N ha)1 at the end of 2005
and 2006, which correspond to similar total inputs of
320 kg total N ha)1 (PEL). Based on previous experi-
ments in the area and EPA (1994) recommendations, it
was assumed that approximately 0Æ25 of the total
nitrogen would be mineralized in the first year if
compost or anaerobic sludge was added, and therefore
approximately 80 kg N ha)1 year)1 was applied. There
was no available information about the pellet fertilizer,
but a total similar input of 320 kg total N ha)1 during
the experiment was used.
Sewage sludge
Anaerobically digested sewage sludge, COM and pellet-
ized sludge (PEL) were taken from municipal waste
treatment plants at Lugo, Valladolid and Madrid respec-
tively. The calculation of the required amounts of
sludge was conducted according to the percentage of
the total nitrogen and dry-matter contents EPA (1994),
taking into account the European Union Directive
86 ⁄ 278 ⁄ CEE (DOCE, 1986) and Spanish regulation
R.D.1310 ⁄ 1990 (BOE, 1990) regarding heavy metal
concentrations for the application of sewage sludge on
to soil. The composition of the sewage sludge is
summarized in Table 2. The sludge used in the present
experiment had a similar composition to the mean
composition of the sludge described for plants all over
Spain (Mosquera-Losada et al., 2009). The proportion of
N in the sludge was higher than the P and K concen-
trations in the sludge. As the calculations of the
required amounts of sludge were based on N and
pasture nitrogen, and as phosphorous needs are similar,
contamination by phosphorus is not likely to occur.
Furthermore, the acidity of the soil would prevent
phosphorous from leaching from the soil (Mosquera-
Losada et al., 2008).
Field samplings and laboratory determinations
Soil samples were collected to a depth of 25 cm, as
described in the RD 1310 ⁄ 1990 (BOE, 1990) in
February 2006, January 2007 and January 2008. In
the laboratory, soil pH was determined in water (1:2Æ5)
(Guitián and Carballás, 1976). The aluminium con-
centration in the exchange complex and the
exchangeable cations were determined by extraction
with 0Æ3 M BaCl2. The K, Ca, Mg and Na exchangeable
concentrations were measured with a Varian 220FS
Spectrophotometer (Varian, Walnut Creek, CA, USA)
using the atomic emissions for K and Na and the
absorptions for Ca and Mg. Aluminium concentrations
were analysed after valoration with 0Æ01 N NaOH,
using phenolphthalein (1%) in an alcohol-based solu-
tion as an indicator (Mosquera and Mombiela, 1986).
The effective exchange capacity (EEC) was determined
by taking the sum of K+ Ca+ Mg+ Na+ Al and the
aluminium percentage saturation using the quotient
Al ⁄ EEC. The total soil Ca, Cu and Zn concentrations
were determined after microwave digestion (CEM,
1994), and the available Ca, Cu and Zn were measured
after extraction with Mehlich (1985) with the Varian
220 FS Spectrophotometer using atomic absorption.
Base tree height and diameter were measured with a
graduated ruler and a calliper, respectively, at the
beginning of 2005, 2006, 2007 and 2008.
Pasture production was determined randomly by
taking four samples of pasture at a height of 2Æ5 cm
per plot (0Æ3 · 0Æ3 m) using an electric hand clipper in
August and December 2005; June and December 2006;
April, June and December 2007 and May and December
2008 before all of the plots were grazed by mature
sheep (Galician breed Raza ovella galega) at a stocking
rate of fifty sheep over the whole experimental area
(2520 m2) 1 week after sampling. Two pasture samples
were dried for 48 h at 60C and weighed to estimate
pasture production. The other two samples were sep-
arated by hand to determine the proportions of the
different plant species and the senescent material, and
then dried (60C for 72 h) to determine the botanical
composition on a dry weight basis. Annual abundance
diagrams (Magurran, 1988) were made which excluded
senescent material. The total Zn in the harvested
Table 1 Heavy metal concentrations in the soil at the beginning of the experiment and legal limits established by European
Directive 86 ⁄ 278 and Spain R.D. 1310 ⁄ 1990.
Cd (mg kg)1) Cu (mg kg)1) Cr (mg kg)1) Ni (mg kg)1) Pb (mg kg)1) Zn (mg kg)1)
Initial soil concentration – 5Æ8 4Æ1 2Æ1 – 20Æ6
Spanish law limits 1–3 50–210 100–150 30–112 50–300 150–450
Limits depend on soil pH (minimum: soil pH < 7, maximum: soil pH > 7).
Concentrations of Cd and Pb were below detection limit of the technique used for determination.
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pasture herbage was determined by microwave diges-
tion with nitric acid (CEM, 1994).
Statistical analysis
The data were analysed using ANOVA, and the differ-
ences between the averages were determined using the
LSD test (at the alpha level of 0Æ05) using the SAS
statistical package (SAS, 2001). All soil variables [soil
water pH, EEC, Al saturation percentage, total (Cu and
Zn) and Mehlich (Ca, Cu and Zn) soil concentrations]
were analysed using the ANOVA model (Yij = l + Bi + Tj
+ Yk + BTij + TYjk + BYik + ijk), where l is the mean; Bi
is block (two freedom degrees); Tj is treatment (four
freedom degrees); Yk is year (three freedom degrees),
BTij (block treatment interaction (eight freedom de-
grees), TYjk is treatment year interaction (twelve free-
dom degrees); BYik is block year interaction (six freedom
degrees) and ijk is the error term. All tree and pasture
variables were analysed using the ANOVA model
(Yij = l + Bi + Tj + ij), where l is the mean; Bi is block
(two freedom degrees); Tj is treatment (four freedom
degrees); and ij is the error term. ANOVA type III errors
were taken into account to determine significances.
Results
Soil chemical properties
pH in water, effective exchange capacity (EEC), aluminium
saturation percentage and Ca extracted by Mehlich
Composted sludge (COM) increased the mean soil pH
(P < 0Æ01) and the amount of mean Ca extracted by
Table 2 Chemical properties of the sewage sludge applied, total loadings supplied with the inputs of different types of sludge in this











Dry matter (%) 29Æ47 65Æ19 95Æ4
pH 7Æ25 7Æ28 7Æ25
N (g kg)1) 26Æ2 8Æ8 35Æ5
P (g kg)1) 21Æ4 3Æ9 10Æ7
K (g kg)1) 1Æ9 2Æ7 1Æ8
Ca (g kg)1) 6Æ0 49Æ8 60Æ6
Mg (g kg)1) 4Æ5 14Æ7 12Æ4
Na (g kg)1) 1Æ0 0Æ4 0Æ7
Fe (g kg)1) 19Æ6 12Æ8 141Æ5
Cr (mg kg)1) 92Æ3 3Æ9 16Æ6 1000–1500
Cu (mg kg)1) 238Æ5 121Æ2 136Æ1 1000–1750
Ni (mg kg)1) 69Æ5 95Æ3 91Æ9 300–400
Zn (mg kg)1) 1752Æ3 753Æ1 1130Æ4 2500–4000
Cd (mg kg)1) 14Æ4 <0Æ01 <0Æ01 20–40
Pb (mg kg)1) 281Æ1 104 58Æ5 750–1200
Mn (mg kg)1) 248Æ3 90Æ5 108Æ8
Parameters










Cr (kg ha)1) 1Æ39 0Æ14 0Æ21 3
Cu (kg ha)1) 3Æ59 4Æ47 1Æ76 12
Ni (kg ha)1) 1Æ04 3Æ51 1Æ18 3
Zn (kg ha)1) 26Æ43 27Æ76 14Æ63 30
Cd (kg ha)1) 0Æ21 <0Æ001 <0Æ0001 0Æ15
Pb (kg ha)1) 3Æ74 3Æ33 1Æ40 15
Limits depend on soil pH (minimum: soil pH < 7, maximum: soil pH > 7). Lower section shows total loadings supplied with the
inputs of different types of sludge in this experiment.
†Limit values for amounts of heavy metals which may be added annually to soil, based on a 10-year average (kg ha)1 year)1).
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Mehlich (P < 0Æ05), but the effect on ECC was not
significant (P > 0Æ05). Because of these modifications
(Fig 2), the mean percentage of aluminium saturation
decreased with this type of sludge application
(P < 0Æ01). There was a significant effect of year
(P < 0Æ0001) on soil pH (2006: 5Æ6a; 2007: 5Æ5b and
2008: 5Æ27c); on EEC (2006*: 8Æ6b; 2007: 10Æ31a and
2008: 8Æ6b expressed as cmol (+) 100 g)1 soil); on
aluminium saturation percentage (2006*: 17Æ24b; 2007:
24Æ15a and 2008: 11Æ66c) and amount of Ca extracted
by Mehlich (2006: 0Æ69b; 2007: 0Æ25c and 2008: 1Æ43a
expressed as mg kg)1) (in all cases different superscript
letters indicate significant differences between years).
The soil pH and aluminium saturation percentage were
lower at the end of the study (2008) than at the
beginning of the study (2006), whereas the EEC and
the amount of Ca extracted by Mehlich were higher in
2008 than in 2006.
Total and Mehlich extracted Cu and Zn
The total and Mehlich soil levels of Cu and Zn in 2006,
2007 and 2008 are presented in Figure 3. The mean
total Cu and Zn were significantly affected by the
treatments (P < 0Æ001 and P < 0Æ05 respectively). There
was a significant effect of year on total Cu (P < 0Æ0001),
total Zn (P < 0Æ0001) and on the Zn extracted by
Mehlich (P < 0Æ001). In the case of the Cu extracted
by Mehlich, the interaction of treatment · year was
significant (P < 0Æ01). All of the variables were
increased by COM, and total Zn was increased by
anaerobic sludge (ANA) compared with the other
treatments. The total soil Cu and Zn found in the
experiment were below the maximums set by Spanish
regulations for the use of sewage sludge in agriculture
for acid soils (Cu: 50 mg kg)1 and Zn: 150 mg kg)1)
[R.D. 1310 ⁄ 1990, (BOE, 1990)]. The concentrations of
total Cu and Zn and Zn extracted by Mehlich were
lower in 2008 than in 2006.
Tree height and diameter
The average tree heights for each treatment in 2005,
2006, 2007 and 2008 are shown in Table 3. In all
2 years of the study, tree height was significantly
modified by fertilization treatment (Table 4). Initially,
the tree height was higher in all treatments that
received organic fertilizer (ANA, COM and PEL) than
the MIN or NF treatments. Tree height in 2005 and
2006 was increased by anaerobic (ANA) and PEL
compared with the mineral fertilization (MIN) and no
fertilization (NF) treatments, but this positive effect was
only found in those plots receiving PEL in 2007 and
2008. Trees growing in NF and MIN treatments had the
lowest height during the 4 years of the experiment.
Tree diameter (Table 3) was significantly modified by
fertilization treatment in all 4 years of the study, with
the exception of 2007, (Table 4). In 2005, 2006 and
2007, tree diameter was increased by ANA compared
with the other treatments (NF, MIN, ANA, COM and
PEL). In 2008, the COM and PEL treatments resulted in
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Figure 3 Total Cu (mg kg)1) (a) and total Zn concentration (mg kg)1) (c) in soil and amount of Cu (mg kg)1) (b) and amount of
Zn (mg kg)1) (d) extracted by Mehlich in each treatment in the years 2006, 2007 and 2008. NF, no fertilization, MIN, mineral; ANA,
anaerobic sludge; COM, composted sludge and PEL, pelletized sludge. Different letters indicate significant differences between
treatments. Vertical lines indicate mean standard error.
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Pasture understorey
Pasture production
The annual pasture production for the different fertil-
ization treatments in 2005, 2006, 2007 and 2008 is
summarized in Table 3. Significant differences were
detected between the treatments in all years except
2006 and 2008 (Table 4). The highest levels of pasture
production were found in 2007 (4Æ8–6Æ5 t ha)1),
whereas the lowest values were recorded in 2005
(1Æ9–3Æ3 t ha)1). In 2005, there was a positive response
to organic fertilization (ANA, COM and PEL) and
inorganic fertilization (MIN) compared with no fertil-
ization (NF), but this effect was only maintained in the
PEL treatment until the end of the experiment. In the
final years of the study (2007–2008), the annual pasture
production tended to be lower than that of the PEL
when the ANA was applied to the soil.
Pasture abundance diagrams
Figure 4 shows the abundance diagrams for the different
fertilization treatments in 2005, 2006, 2007 and 2008.
Agrostis capillaris L., D. glomerata L., Holcus lanatus L. and
L. perenne L. were present in the sward in all treatments
and in all years. The treatments with a high number of
species were associated with a higher proportion of
dicotyledonous species. Agrostis capillaris L. and
D. glomerata L. were the most dominant species through-
out the study. The proportion of A. capillaris L. was always
over 75% in the NF treatment and approximately 50% in
the other treatments and years, with the exception of
mineral (MIN) and ANA fertilization in the final year.
However, the mineral (MIN) and ANA treatments had
higher proportions of D. glomerata L. in the first years of
the study. In the PEL treatment, codominance between
D. glomerata L. and A. capillaris L. was evident throughout
the experiment. In terms of species richness, the ANA
treatment had the lowest number of species at the start of
the experiment, but the PEL treatment had the lowest
number from 2006 onwards. The COM treatment in the
second year of the experiment was an exception to this
trend, exhibiting the lowest number of species. The PEL
treatment was dominated by monocotyledonous species
in the final year than the remaining treatments (NF,
MIN, ANA and COM).
Zn and Cu concentrations in pasture
The concentration of Zn in the pasture was significantly
affected by treatments in April 2007 (P < 0Æ01), and
Table 3 Mean values for tree height (cm), tree diameter (mm) and pasture production (t ha)1) under the different fertilization
treatments in the years 2005–2008.
Year
Treatments
NF MIN ANA COM PEL s.e.
Tree height (cm) 2005 32Æ88 32Æ33 38 34Æ85 38Æ05 0Æ69
2006 33Æ65 33Æ08 39Æ33 35Æ8 38Æ1 0Æ66
2007 41Æ59b 42Æ58b 48Æ89ab 47Æ65ab 53Æ55a 1Æ05
2008 114Æ36ab 107Æ56b 103Æ63b 121Æ84ab 135a 3Æ51
Tree diameter (mm) 2005 5b 4Æ83b 5Æ89a 4Æ7b 5b 0Æ14
2006 5Æ12b 5Æ42b 6Æ56a 4Æ8b 5Æ15b 0Æ14
2007 6Æ29 5Æ92 7Æ54 6Æ45 6Æ09 0Æ14
2008 12Æ55ab 10Æ81b 12Æ29ab 13Æ68a 14Æ04a 0Æ37
Pasture Production t ha)1 2005 1Æ96b 2Æ98a 3Æ17a 2Æ81ab 3Æ36a 0Æ14
2006 4Æ91 3Æ98 5Æ15 4Æ82 5Æ24 0Æ18
2007 5Æ66ab 5Æ88ab 4Æ81b 5Æ53ab 6Æ55a 0Æ18
2008 3Æ96 4Æ25 3Æ37 3Æ94 4Æ51 0Æ14
Different letters indicate differences between treatments within the same year that were significant at P < 0Æ05.
s.e., mean standard error; NF, no fertilization; MIN, mineral fertilizer; ANA, anaerobic sludge; COM, composted sludge and PEL,
pelletized sludge.
Table 4 ANOVAs for tree height, diameter and pasture




Treatment effect 2005 ns * *
2006 ns ** ns
2007 ** ns *
2008 * * ns
ns, not significant.
*, P < 0Æ05; **, P < 0Æ01; ***, P < 0Æ001.
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May 2008 (P < 0Æ05) (Figure 5). However, Cu levels in
the pasture were not affected by any treatments (data
not shown). In April 2007, the concentration of Zn in
the pasture was higher when the ANA and PEL
treatments were applied. In May 2008 the concentra-
tion of Zn in the pasture increased in the ANA
treatment compared with the COM treatment. There
were no responses to the treatments in terms of the
pasture concentrations of Zn after harvests made in
2005, 2006, December 2007 and December 2008.
Discussion
This experiment demonstrates that there are very few
negative effects of sewage sludge application, either
from toxic metal loading or in terms of productivity in
the specific edaphoclimatic conditions of this study. The
growth of trees and pasture production can be limited
by low soil pH, EEC and a high aluminium saturation
percentage; however, they can be improved by appli-
cations of high pH organic waste and by fertilization
(Mosquera-Losada et al., 2009). The soil pH in this
experiment ranged from acidic (5Æ1–5Æ5) to moderately
acidic (5Æ6–6Æ0) (Slattery et al., 1999); conditions which
usually indicate deficiencies in the availability of cations
and, therefore, limit pasture production (Whitehead,
2000). Moreover, the soil EEC was low and usually
below 10 cmol (+) kg)1 soil, which could be explained
by the high sand proportion in the soil of this exper-
imental site (Brady and Weil, 2008). However, the
aluminium saturation percentage was below 25%,
which indicates the optimum characteristics for pasture
and tree growth in Galicia (Mombiela and Mateo,
1984). Aluminium saturation was also found to have a




















































































































































































































































































































































































































Figure 4 Abundance diagrams for the treatments applied in the years 2005, 2006, 2007 and 2008. Aca: Agrostis capillaris L.; Acu: A.
curtisii Kerguélen; Cd: Carduus spp.; Cap: Capsella bursa pastoris L.; Cen: Centaurea limbata Hoffmanns. ⁄ Link; Cer: Cerastium glomerata
Thuill; Di: Digitalis purpurea L.; Dg: Dactylis glomerata L.; Gr: Geranium rotundifolium L.; Hl: Holcus lanatus L.; Hm: Holus mollis L.; J: Juncus
effesus L.; Lp: Lolium perenne L.; Ma: Matricaria spp.; Mu: Musgo; Or: Ornithopus compressus L.; Pl: Plantago lanceolata L.; Poa: Poa
pratensis L.; Ps: Pseudarrhenatherum longuifolium (Thore) Rouy; Ra: Rumex acetosa L.; Rn: Ranunculus repens L.; Ro: Rumex obtusifolius
L.; Rp: Raphanus raphanistrum L.; Ru: Rubus spp.; Se: Senecio jacobea L.; So: Sonchus oleraceus L.; St: Stellaria media L. (Vill); Ta:





















April 2007 May 2008
Figure 5 Concentrations of Zn in pasture (mg kg)1) under
the different fertilizer treatments in the harvests of April 2007
and May 2008. NF, no fertilization; MIN, mineral; ANA,
anaerobic sludge; COM, composted sludge and PEL, pelletized
sludge. Different letters indicate significant differences between
treatments. Vertical lines indicate mean standard error.
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diachronic variation, which usually improved from the
start to the end of the experiment. The EEC increase
could be explained by the tilling that occurred at the
start of the experiment. The soil aggregate structure was
probably destroyed by the tilling process (Dexter, 1988),
but the structure is likely to have been improved with
the addition of fertilizer and with the establishment of
pasture and trees, and the potential for increased
organic matter input into the soil. The soil pH, however,
was lower at the end of the experiment, despite the
increase in available Ca and the reduction in available
Al caused by sludge incorporation into the soil (Smith,
1996); this could be explained by the increase in the
proportion of H+ related to the higher EEC. The soil
acidity increase derived from the H+ can be explained
by the cation extraction of the crops, the mineralization
process (NH4
+ is transformed in NO3) and H+ is
released in the nitrification process) and the high mean
rainfall of the area, which promotes cation leaching
(Whitehead, 1995).
Composted sludge (COM) increased soil fertility
compared with other treatments. The pH and mean
amount of available Ca were improved by the COM
treatment, which was expected and is explained by the
different composition of the sludge and the rate of
mineralization (Mosquera-Losada et al., 2009). Applied
doses of sewage sludge with compost were higher in
order to meet the nitrogen required by EPA (Environ-
mental Protection Agency) (1994) recommendations
because the COM composition revealed a lower con-
centration of nitrogen than the anaerobic and PEL. The
COM also had a low mineralization rate, as indicated by
the EPA (Environmental Protection Agency) (1994)
(the mineralization rate is approximately 20% for
anaerobic compared with 10% for COM in the first
year). Moreover, the pH and available Ca were
increased in the COM treatment because of the higher
concentrations of Ca, K and Mg compared with anaer-
obic and PEL (excepting Ca). The COM treatment
applied approximately 1835Æ8 kg Ca ha)1, 99Æ53 kg K
ha)1 and 541Æ9 kg Mg ha)1; meanwhile, only 90Æ51 kg
Ca ha)1, 28Æ66 kg K ha)1 and 67Æ88 kg Mg ha)1 were
added with the ANA treatment, and 776Æ85 kg Ca ha)1,
23Æ07 kg K ha)1 and 158Æ96 kg Mg ha)1 were the soil
inputs with the PEL treatment. The higher rate of Ca
and Mg with the COM also explains the reduction in
the aluminium saturation percentage for this treatment
(Smith, 1996; Prasad and Power, 1997; Speir et al.,
2004). In previous studies, the anaerobic sewage sludge
effect on the soil pH and EEC was found to depend on
the previous initial soil pH. When the initial soil pH was
high, anaerobic sludge inputs increased acidity as
extraction was promoted (Mosquera-Losada et al.,
2006), but when the soil pH was very low (4Æ5), as
described by López-Dı́az et al. (2007), a positive effect of
sewage sludge application on soil pH was found. In this
study, although the soil fertility was enhanced by COM
treatment, tree growth and pasture production were
not promoted. The lack of enhancement in tree growth
and pasture production was probably due to the lower
mineralization rate and the N availability of COM
treatment compared with that of the anaerobic (ANA)
or PEL as described by the EPA (1994). Warman and
Termeer (2005) found better crop production in
response to ANA than to COM sludge. The mineraliza-
tion rate depends on the local climate and on the
mineralization rates (EPA, 1994), and in our case, the
COM treatment seems to have an initial lower miner-
alization rate compared with the ANA treatment. As a
result, the effect of COM on pasture production and tree
growth could become apparent over a longer period, as
was seen with tree diameter. The soil fertility is
differently affected by sewage sludge application, and
the effect is dependent on the initial soil pH and on the
type of the sewage sludge applied.
At the end of the 4-year study, the heights of ash
trees varied from 104 to 135 cm and stem diameters
from 10Æ81 to 14Æ04 mm. The tree heights were within
the range (23–275 cm) reported in a study carried out
in UK after 3 years of experimentation (Mwase et al.,
2008). The initial tree diameters in our study were also
similar to those found by the same authors (15Æ3 mm).
A positive effect was found for the ANA treatment in
the two first years of the experiment; this trend has also
been described for Populus · euroamericana (Rigueiro-
Rodrı́guez et al., 2008b) and Pinus radiata D. Don, under
soil conditions that were initially either very acid
(López-Dı́az et al., 2007) or neutral (Mosquera-Losada
et al., 2006). In other work, Muys et al. (2004) and
Weber-Blaschke and Rehfuess (2002) demonstrated
that soil fertility improvements led to higher F. excelsior
growth, relative to the control, on sites with sandy loam
and loam soils respectively. In both the present exper-
iment and in these previous studies, the positive effect
of the ANA treatment could be attributed to the soil
fertility and water retention improvements caused by
anaerobic fertilizer applied at the establishment of the
plantation (Wolstenholme et al., 1992). However, at the
end of the experiment, only the PEL treatment showed
a significant increase in tree height diameter and the
COM treatment in tree diameter compared with the
MIN treatment, which could be explained by the
enhancement of pasture growth and increased compe-
tition between trees and pasture caused by the MIN
treatment as compared with the NF treatment.
Annual pasture production was below the common
levels in this region due to the droughts in 2005, 2006,
2007 and 2008 (mean monthly precipitation of these
years were lower than mean precipitation over the
previous 30 years) and the low temperatures at the
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beginning of the year. Pasture production was signifi-
cantly increased by organic or inorganic fertilization as
found by Mosquera-Losada et al. (2006) and by López-
Dı́az et al. (2009) in agrarian soils in Galicia afforested
with P. radiata D. Don with a pH close to neutral (pH
6Æ8) and a slightly acidic pH (pH 6Æ3) respectively. At the
end of this study, only the PEL treatment was found to
have positively affected annual pasture production by
the PEL treatment because of the annual application;
however, no residual effect was found as a result of the
COM or ANA treatments (Rigueiro-Rodrı́guez et al.,
2000; López-Dı́az et al., 2007).
The lower proportion of A. capillaris L. and the higher
proportion of D. glomerata L. could be associated with
low and high soil fertility, as demonstrated in soils with
a pH below 4Æ97 (Mosquera-Losada et al., 2001). Mod-
ifications to soil fertility also caused variations in the
dominance of these two species, with a high proportion
of D. glomerata L. initially associated with the MIN and
ANA treatments followed by a switch in the botanical
composition to over 75% A. capillaris L. by the end of
the experimental period.
Fertilizer treatment effects on soil fertility explain tree
and pasture production, and affect biodiversity. The
ANA treatment initially increased soil fertility, as
demonstrated by higher tree growth, greater pasture
production, a lower number of species and a higher
proportion of D. glomerata L. (Mosquera-Losada et al.,
2001) compared with the other treatments (NF, MIN,
COM and PEL). These results are of particular interest in
areas in which the initial tree development is important
to guarantee tree survival. However, there is a reduc-
tion in tree and pasture growth when soil fertility is
depleted, probably because the nutrient requirements
of trees are greater than in the other treatments and
because the capacity for nutrient retention in the ANA
treatment is lower than in the other treatments because
nutrient leaching occurs. On the contrary, the PEL
treatments sustained better tree and pasture production
over the long term as the nutrient inputs were supplied
as split doses through time. The higher fertility of soils
fertilized with PEL probably explains the dominance of
monocotyledonous species and the low number of
species throughout the experiment.
It is important to be aware of the effects of sewage
sludge on the concentrations of Cu and Zn in the soil
and in plants, because Cu and Zn are commonly present
in higher proportions in the municipal sewage sludge
(Smith, 1996; Mosquera-Losada et al., 2009) relative to
soil concentrations. As seen with the macronutrients,
the COM treatment resulted in higher input rates of Cu
and Zn (4Æ46 kg Cu ha)1 and 27Æ76 kg Zn ha)1) into the
soil than the ANA (3Æ59 kg Cu ha)1 and 26Æ43 kg Zn
ha)1) or PEL treatment (1Æ74 kg Cu ha)1 and 14Æ47 kg
Zn ha)1). The COM treatment increased the soil pH
compared with the other treatments, which usually
implies a reduction of Cu and Zn solubility because of
the CEC increment (Prasad and Power, 1997). In China,
Miao-Miao et al. (2007) also found that the use of COM
as fertilizer increased the concentrations of Zn and Cu
in the soil, but in that study the COM contained higher
concentrations of Cu and Zn due to the effects of local
industry (Cu: 2316 mg kg)1 and Zn: 2971 mg kg)1)
compared with the sludges used in our experiment.
ANA also increases the total soil Zn because this type of
sludge has a higher concentration of Zn than the COM
or the PEL (anaerobic sludge: 1752Æ3 mg Zn kg)1 soil;
COM: 478Æ7 mg Zn kg)1 soil and PEL: 753Æ1 mg Zn
kg)1). An increment of Cu and Zn in soil as a result of
sewage sludge applications was also found by Yuan
(2009). In contrast, in this study the concentrations of
Zn and Cu in the soil were lower in 2008 than at the
beginning of the experiment. This could be explained
by leaching, but is more likely due to pasture and tree
extractions.
The range of Zn concentrations in the pasture in this
experiment (18Æ63–49Æ31 mg kg)1) was at the low end
of the concentrations commonly found in pastures (27–
150 mg kg)1) and below the levels of 100 and 400 mg
kg)1 considered excessive or toxic for plants (Kabata-
Pendı́as and Pendı́as, 1985; Smith, 1996). ANA tended
to increase the soil and pasture Zn concentrations in the
acidic soils of the Galician region, as described by
Mosquera-Losada et al. (2001). In spite of the higher Zn
inputs with the COM treatment, which increased the
total and the available Zn in the soil, no effect was
detected in the pastures because of the increased soil pH
compared with other treatments, which could in turn
reduce the availability of absorbable Zn in the soil
(Prasad and Power, 1997). A Zn concentration of
500 mg kg)1 is considered toxic for cattle, sheep and
horses (Smith, 1996), but this value was not reached or
exceeded in the pasture in this experiment.
Conclusion
Soil characteristics, tree growth, pasture species biodi-
versity and pasture development are modified by the
type of sewage sludge used when similar nitrogen
inputs are applied. The ANA treatment has a higher
initial effect on tree and pasture productivity, but PEL
treatment sustains better production as it is applied in
several times and the COM treatment improved soil
characteristics over the long term in sandy soils. The
PEL treatment should be promoted because this treat-
ment enhances productivity, allows for better nutrient
recovery and is less costly to apply than the other two
treatments. No toxic Zn or Cu concentrations were
found in the plants or in the soil in spite of the higher
concentrations in sewage sludge than in the soil.
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a b s t r a c t
The effects of fertilization, pasture sowing and tree plantation on soil fertility and tree and pasture pro-
duction can vary depending on the soil type. Tree plantation is recognized as a way to reduce nutrient
leaching and increase land profitability in agronomic and forest soils, meanwhile pasture fertilization and
sowing is usually associated to better pasture productivity and quality. Fertilization can be performed
with mineral fertilizers, which have become expensive in recent times, or with organic fertilizers like
sludge, which is being promoted worldwide. This study aims to evaluate the effects of sludge fertilization,
tree planting and pasture sowing on different variables of soil (KCl-pH, cation exchange capacity, total
N, total and Mehlich P, nitrate and soil organic matter) and pasture (production, botanical composition,
crude protein and P concentration) in treeless and agroforestry systems established in forest and agro-
nomic soils. The experimental design was a randomized block following an incomplete factorial design
with three replicates and nine treatments including two types of soils (forestry and agronomic), two types
of vegetation (natural and sown), two types of fertilization (sludge fertilization and mineral fertilization,
with a no fertilizer control) in afforested and treeless pastures. Pasture production and quality was better
under agronomic soils, which also had higher levels of KCl-pH, cation exchange capacity, nitrate, total
N and P than forest soils. Tree establishment did not modify nitrate or P leaching, probably due to the
youth of the trees when most of nitrate was leached at the beginning of the experiment, but reduction
of soil KCl pH and pasture crude protein was found in forest soils, when trees and pasture were together
established, probably due to the high extractions of these systems compared with unsown forests. More-
over, the sludge inputs increased pasture production better than the mineral fertilizer in the forest soils,
probably due to the greater amount of nutrients applied by the former. Sowing enhanced the presence of
sown grasses in the forest understory, but their presence reduced pasture quality, and they disappeared
within a short period of time. Therefore, the use of the sludge as fertilizer allows nutrient recycling of this
tility
oils)residue in soils of low fer
fertilizer at short (forest s
. Introduction
Agroforestry systems are sustainable land management tech-
iques that are promoted by the EU (European Union, Council
egulation 1698/2005 [EU, 2005]) and are considered a good man-
gement tool that can be implemented by farmers in the different
ountries of Europe (Graves et al., 2008).
Monterey pine [Pinus radiata (D. Don)] is a tree species that
s currently used in silvopastoral systems in temperate areas like
ustralia, New Zealand, and Chile (Hawke, 1991; Knowles, 1991;
enavides et al., 2009) due to its fast growth. The species is widely
sed in the Atlantic biogeographic region of Europe (mostly in
he North of Spain and West of France) in both forestry and farm
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oi:10.1016/j.agee.2010.10.007and increases productivity and preserves fertility compared with mineral
and medium (agronomic soils) term.
© 2010 Elsevier B.V. All rights reserved.
grassland soils. Adequate fertilization practices in Monterey pine
silvopastoral systems should be implemented to increase tree and
pasture growth simultaneously at the same time that nutrient
leaching risk is reduced. Recent increases in inorganic fertilizer
prices along with environmental concerns have reduced the use
of inorganic nitrogen fertilizers in the EU (EFMA, 2009), which are
currently being replaced by organic fertilizers like sewage sludge
as a cheaper nitrogen resource.
In EU countries, sewage sludge production has increased since
the early nineties due to the implementation of European Directive
91/271/EEC (EU, 1991), which was enacted to enhance continental
water quality. Therefore, it is necessary to find an adequate means
of disposal for these residues in compliance with the environmen-
tal policies of the EU. One alternative that has been adopted in
various countries around the world is the application of sewage
sludge to soils as fertilizer (EPA, 1994), which is regulated in Europe
by the directive 86/278/EEC (EU, 1986). The use of sewage sludge
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ig. 1. Mean monthly precipitation and mean monthly temperature in 2007, 2008
n, mean normal temperature; P, mean monthly precipitation (mm); and Pn, mean
s fertilizer is being promoted because it eliminates waste and
educes environmental pollution while imparting organic matter
nd macronutrients, particularly N and P, to the soil (Loehr et al.,
979; Rosswall, 1982; Beltrán et al., 2002; Mosquera-Losada et al.,
010). The study of the proportion of nitrogen that is readily min-
ralizable is important in determining the dose of sewage sludge
hat should be applied to the soil (Barry et al., 1986) in order to
nhance both understory and overstory production in silvopastoral
ystems and to evaluate nitrate leaching risks (Simon and Le Corre,
992; EPA, 1994). Sludge mineralization depends on soil types, pH
nd microbial soil activity (Smith, 1996) and this process is usually
aster in agronomic than in more acid forest soils in North Western
pain. Moreover, the impact of sludge mineralization also depends
n land use, being nitrate leaching risk usually higher in exclusive
gronomic use (grasslands) than in silvopastoral systems due to the
resence of the tree that may use the nitrate not employed by the
asture (Nair et al., 2008; Rigueiro et al., 2008).
Monterey pine and pasture growth response to sewage sludge
nputs can be modified by the type of soil in which it is applied due
o the different N and P availability in forestry and agronomic soils,
hich also affects nitrate leaching. Northwestern Spain forest soils
sually have high organic matter content, which can act as a source
f nutrients for crops. However, P availability is usually lower in
orest soils due to high Al and Fe levels (Nair and Graetz, 2002). P
nd N availability can modify tree and pasture development as well
s nitrate and P losses and pasture botanical composition (Campbell
t al., 1993; Kellas et al., 1995; Nair et al., 2008). The impact of
ewage sludge inputs in different soil types on nitrate and P cycling
n agroforestry systems compared with treeless systems has not
een evaluated in Western Europe.
The aim of this study is to evaluate the soil, productivity (tree
nd pasture) and environmental (nitrate and, P leaching) response
o mineral or municipal sewage sludge inputs in grasslands and
ilvopastoral systems developed under Monterey pine established
n agronomic and forest soils.
. Materials and methods
.1. Characteristics of the study site
The experiment was initiated in December 2006 through the use
f 27 cilindric pots of about 2 m3 (144 cm height × 134.5 cm width)
hat were installed in the town of Piugos (Lugo, Galicia, NW Spain,
uropean Atlantic Biogeographic Region) at an altitude of 470 m
bove sea level and filled with soils. Soils are gleyic umbrisols (FAO
lassification) and Umbrept Inceptisols (USDA system). Fig. 1 shows
he monthly mean precipitation and temperature values for 2007,s
009 and mean normal data for the study area. T, mean monthly temperature (◦C);
l precipitation.
2008, and 2009 and the normal mean precipitation and tempera-
ture values of the study area. The total annual rainfall was 658.1,
1000, and 872.7 mm in 2007, 2008, and 2009, respectively. Mean-
while, the rainfall registered in the spring of 2007, 2008, and 2009
was 439.8, 604.5, and 368.4 mm, respectively. In general, these
years were drier than the mean year (998.3 mm) for the study area.
However, the mean monthly precipitation in 2007 was higher than
the mean normal precipitation from June to August, which reduced
the drought period found in 2008 and 2009 that limited pasture
growth. The annual mean temperature was mild (12 ◦C).
Fifteen pots were filled with agronomic soil from Sarria (Lugo,
Galicia, NW Spain) and the other with forest soil (12 pots) from Bas-
cuas (Condesmo, Lugo, Galicia, NW Spain). In each pot, a lysimeter
was installed at a depth of 135 cm to study the leaching of nutri-
ents. The lysimiter was a PVC pipe of 2 cm of diameter introduced
after making a hole in the pots. The tube is completely adjusted to
the pot and no water is leached outside with the exception of the
hole of the PVC pipe.
Initial agronomic soil analyses showed a highly acid KCl pH
(4.46) (Faithfull, 2002), low soil organic matter (SOM: 36.3 g kg−1)
(Kowalenko, 2001), and a total N (1.9 g kg−1) and P (0.3 g kg−1)
(Castro et al., 1990). Meanwhile, the forest soil analyses also had
a highly acid KCl pH (4.27) (Faithfull, 2002), higher SOM (72 g kg−1)
(Kowalenko, 2001) and total P (0.8 g kg−1) contents and a lower
concentration of total soil N (1.8 g kg−1) (Castro et al., 1990) than
the agronomic soils. All heavy metal concentrations in both the
agronomic and forest soils (Table 1) were below the maximum
thresholds for the use of sewage sludge as fertilizer, as specified
by the EU Directive 86/278/CEE (EU, 1986) and Spanish legislation
under R.D. 1310/1990 (BOE, 1990).
2.2. Experimental design
The experimental design was a randomized block with three
replicates and nine treatments. Treatments followed a design
that consisted of a fractional factorial design of a 2p fully fac-
torial, with “p” = 4 factors (2 levels per factor). The treatments
established were chosen because they are the most traditional
practices in the area of study (agronomic soil without tree, for-
est soil without pasture, and silvopastoral systems) in forest
and agronomic lands. The treatments consisted of the follow-
ing: (1) Agronomic soil + pasture sowing (Agronomic + P); (2)
Agronomic soil + pasture sowing + sewage sludge (Agronomic + PS);
(3) Agronomic soil + pasture sowing + mineral (Agronomic + PM);
(4) Agronomic soil + pasture sowing + sewage sludge + tree (Agro-
nomic + PST); (5) Agronomic soil + pasture sowing + mineral + tree
(Agronomic + PMT); (6) Forest soil + sewage sludge + tree (For-
620 M.R. Mosquera-Losada et al. / Agriculture, Ecosystems and Environment 139 (2010) 618–628
Table 1
Heavy metal concentrations in the agronomic soil and in the forest soil at the beginning of the experiment and legal limits established by European Directive 86/278 and
Spain R.D. 1310/1990. Limits depend on soil pH (minimum: soil pH < 7, maximum: soil pH > 7). –, element concentration below detection limit of the technique used in its
determination.
Soil Heavy metal concentrations (mg kg−1)
























Initial agronomic soil 0.1 1
Initial forest soil 0.9 7.8
Spanish law limits 1–3 50–210
st + ST); (7) Forest soil + mineral + tree (Forest + MT); (8) Forest
oil + pasture sowing + sewage sludge + tree (Forest + PST); and (9)
orest soil + pasture sowing + mineral + tree (Forest + PMT). The fol-
owing physical parameters were used:
Pasture sowing (P): the pasture was sown with a mixture of
cocksfoot [Dactylis glomerata (L.)] var. Artabro (12.5 kg ha−1) (Dg),
ryegrass [Lolium perenne (L.)] var. Brigantia (12.5 kg ha−1) (Lp),
and white clover [Trifolium repens (L.)] var. Huia (4 kg ha−1) (Tr)
in December 2006.
Tree (T): a one-year-old Monterey pine tree was planted in Jan-
uary 2007.
Sewage sludge (S): an anaerobically digested sludge with an input
of 320 kg total N ha−1 applied in December 2006.
Mineral (M): in the Agronomic + PM, Agronomic + PMT, For-
est + MT, and Forest + PMT treatments, 500 kg ha−1 of 8 (% N):24
(% P2O5):16 (% K2O) were applied at the beginning of the years
2007, 2008, and 2009, and 40 kg of N ha−1 as calcium ammonium
nitrate (26% of N) was applied after each harvest.
.3. Sewage sludge
Anaerobically digested sludge was taken from the municipal
aste treatment plant of Lugo. A calculation of the required amount
f sludge was conducted according to its percentage of total N and
ry matter content (EPA, 1994) and taking into account that around
5% of the total N from anaerobically digested sewage sludge is
vailable in the first year after application. EU Directive 86/278/CEE
1986) and Spanish regulation R.D. 1310/1990 (BOE, 1990) regard-
ng heavy metal concentrations in the application of sewage sludge
o soil were also considered. The composition of the sewage sludge
pplied is summarized in Table 2.
able 2
hemical properties of the sewage sludge applied and legal limits established by
uropean Directive 86/278 and Spain R.D. 1310/1990. Limits depend on soil pH
minimum: soil pH < 7, maximum: soil pH > 7).
Parameters Values
Anaerobic sludge Spanish law limits
Dry matter (%) 20.47
pH 7.47
N (g kg−1) 35
P (g kg−1) 17.8
K (g kg−1) 3.5
Ca (g kg−1) 27.1
Mg (g kg−1) 8.4
Na (g kg−1) 1.5
Fe (g kg−1) 17.9
Cr (mg kg−1) 39.4 1000–1500
Cu (mg kg−1) 142.7 1000–1750
Ni (mg kg−1) 29.4 300–400
Zn (mg kg−1) 1248.56 2500–4000
Cd (mg kg−1) 0.7 20–40
Pb (mg kg−1) 84.4 750–1200
Mn (mg kg−1) 6.10.9 – 17.7 28.8
2 – – 32.5
0–150 30–112 50–300 150–450
2.4. Field samplings and laboratory determinations
Soil samples were collected at a depth of 25 cm, as described in
R.D. 1310/1990 (BOE, 1990) in March 2008 and in January 2009. In
the laboratory, the pH of the KCl was determined as 1:2.5 soil:0.1 M
KCl (Faithfull, 2002). The total C content in the soil was deter-
mined by oxidation of the total organic matter with potassium
dicromate and sulphuric acid. The excess of dicromate was valo-
rated with Mohr salt (Kowalenko, 2001). The percentage of organic
matter was calculated by multiplying the total C content of the soil
by the de Van Bemmelen factor (1.724). Cation exchange capac-
ity (CEC) was calculated as the sum of the concentrations of Ca,
K, Mg, Na and Al expressed as cmol(+) kg−1 of soil, after extrac-
tion with 0.6 N BaCl2 (Mosquera and Mombiela, 1986). The total
soil N and total soil P concentrations were determined after micro-
kjeldahl digestion with a TRAACS-800+ autoanalyzer, as described
by Castro et al. (1990) (US-786-86 A method, for N and US-787-86
A method, for P (Bran+Luebbe, 1979)). The available P was mea-
sured after extraction with Mehlich 3 (Mehlich, 1985) with the
TRAACS-800+ autoanalyzer (US-787-86 A method (Bran+Luebbe,
1979)) and water volume measured with a volumetric ware. Total
nitrate leached was estimated by multiplying nitrate concentration
and water leached in each sampling. Nitrate leached for a period
in each sampling was summed to obtain the global period nitrate
leached.
Water was extracted each week from the lysimeters unless
drought caused a lack of water. Nitrate was determined accord-
ing to Bremner (1965) using a continuous-flow analytical system
(TRAACS-800+).
Tree height and diameter were measured with graduated ruler
and caliper, respectively, in September 2009.
To estimate pasture production, botanical composition, and
crude protein (CP) and P content of the pasture, two samples of pas-
ture were randomly taken with an electric hand clipper at a height
of 2.5 cm per pot (0.3 m2 × 0.3 m2) in May, June, and August 2007;
in May and July 2008; and in May and June 2009 (autumn data were
not used in this study). Later, the samples were labeled and trans-
ported to the laboratory, where the samples were weighed and
separated by hand according to the different plant species and the
senescent material. They were then dried at 60 ◦C for 72 h to deter-
mine the harvest pasture production and the botanical composition
weight. The CP and P content of the pasture were determined
after micro-kjeldahl digestion with a TRAACS-800+ autoanalyzer,
as described by Castro et al. (1990).
2.5. Statistical analysis
The data obtained from soil, tree and pasture variables were ana-
lyzed with three 2-way ANOVAs (proc glm procedure) following the
model Yij =  + Fi + Tj + εij. The first ANOVA was performed to dis-
cern the effects of soil type (agronomic vs. forest) with mineral and
sludge fertilization in Pasture + Tree (silvopastoral systems) with
two levels of fertilization (F: sludge and mineral) × two types of soil
(T: Forest and agronomic) and their interactions (treatments Agro-
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s the studied variable;  is the variable mean; Fi is the fertilizer fac-
or i; Tj is the soil type factor j; and εij is the error. The second 2-way
NOVA was performed to discern the effects of two levels of pasture
egetation (S: sown and unsown pasture) with two levels of fertil-
zation (F: sludge and mineral) and their interactions on forest soil
Treatments Forest + PMT, Forest + PST, Forest + ST and Forest + MT)
here Yij is the studied variable;  is the variable mean; Fi is the fer-
ilizer factor i; Tj is the vegetation factor j; and εij is the error. The
hird 2-way ANOVA was performed to discern the effects of two
evels of tree plantation (T: tree and no tree plantation) with two
evels of fertilization (F: sludge and mineral) and their interactions
n agronomic soil (Treatments agronomic + PMT, agronomic + PST,
gronomic + PM and agronomic PS) where Yij is the studied vari-
ble;  is the variable mean; Fi is the fertilizer factor i; Tj is the
egetation factor j; and εij is the error. Finally a 1-way ANOVA of one
actor with three levels of fertilization F (NF, mineral and sludge)
ig. 2. Soil pH in KCl (a), CEC (cmol(+) kg−1) (b), and total N (c) and P (d) concentrations
e), P Mehlich 3 (mg kg−1) in no forested agronomic soils (f) and soil pH in KCl in forest
ifferent letters indicate significant differences between treatments within the same yeaems and Environment 139 (2010) 618–628 621
was to discern the effects of fertilization on agronomic soil with
herbaceous vegetation (treatments NF, agronomic PM and agro-
nomic PS). The Tukey’s HSD test was used for subsequent pair wise
comparisons (p < 0.05; a = 0.05). The statistical software package
SAS (2001) was used for all analyses.
3. Results
3.1. Soil
3.1.1. KCl soil pH, CEC, SOM percentage, total N and total and
Mehlich P
The KCl soil pH, the CEC and the total soil levels of N and P and
P extracted by Mehlich 3 in 2008 and 2009 are shown in Fig. 2.
The soil pH was significantly affected by the type of soil (p < 0.01)
in Pasture + Tree treatments in 2008 (agronomic: 4.91 vs. forest:
in soil (g kg−1) in Pasture + Tree treatments, CEC (cmol(+) kg−1) in agronomic soils
soils (g) in 2008 and 2009. M, mineral fertilization; S, sewage sludge fertilization.
r. Vertical lines indicate mean standard error.
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ig. 3. Nitrate (mg N-nitrate L−1) concentration in leached water in Pasture + Tree tr
oil mean treatments. Vertical lines indicate mean standard error.
.44) and 2009 (agronomic: 4.77 vs. forest: 4.33) as happened
ith CEC in 2008 (p < 0.001; agronomic: 8.35 cmol(+) kg soil−1
s. forest: 3.65 cmol(+) kg soil−1) and 2009 (p < 0.001; agronomic:
.44 cmol(+) kg soil−1 vs. forest: 4.01 cmol(+) kg soil−1). Soil total N
nd P were also significantly affected by the type of soil. Soil total
(p < 0.01 and p < 0.001) and P (p < 0.001 and p < 0.01) were sig-
ificantly higher in agronomic soils than in forest soils in 2008
agronomic: 1.7 g total N kg−1 and 0.5 g total P kg−1 vs. forest:
.1 g total N kg−1 and 0.2 g total P kg−1) and in 2009 (agronomic:
g total N kg−1 and 0.6 g total P kg−1 vs. forest: 1.6 g total N kg−1
nd 0.3 g total P kg−1). For the SOM percentage, no significant dif-
erences between the treatments were found (p > 0.05 (data not
hown)). No differences in soil variables appeared between treat-
ents when only Forest soils were taken into account, with the
xception of KCl pH, which was significantly reduced when min-
ral fertilization was applied and tree and pasture was established
ompared with those treatments planted with trees and receiv-
ng sludge fertilization, but without pasture sowing. On the other
and, in the Agronomic soils, the soil CEC was significantly higher
hen the pasture was fertilized with sludge (9.69 cmol(+) kg−1 soil)
han with mineral (8.65 cmol(+) kg−1 soil) in 2009 (p < 0.01), being
extracted by Mehlich 3 significantly (p < 0.001) improved when
ineral or sludge fertilized was applied in 2008 and compared with
o fertilization treatment in agronomic soils.
.1.2. Nitrate concentration in leaching water
The significant effects of the treatments on nitrate concen-
rations in the leaching water are shown in Fig. 3. The nitrate
oncentration in the leaching water of agronomic soils was usually
bove the maximum set by the EU directive for drinking water in
ll treatments (<11.3 mg NO3−-N L−1) (EU, 1980) in December 2006
nd in the first months of 2007. The nitrate concentrations of all
reatments measured from May 2007 to 2009 were below the max-
mum allowed by the EU directive for drinking water (always below
mg NO3−-N L−1) and without differences between treatments
data not shown). With respect to the effects of the treatments
n the Pasture + Tree pots at the beginning of the experiment, the
esults show that by 12 March 2007 the nitrate concentrations in
he leaching water were significantly higher in Agronomic treat-ents sown with pasture and planted with trees than in the same
orest treatments. After this sampling date, no differences were
ound between treatments. However, the total nitrate leached was
ignificantly higher (p < 0.05) when sewage sludge (3.05 g of nitrate
ntil 24 May 2007) was applied in Forest soils compared with min-te
nts. M, mineral; S, sludge. Different letters indicate significant differences between
eral fertilizers (1.89 g of nitrate until 24 May 2007). There were not
differences between treatments in the subsequent years (p > 0.05).
3.2. Trees
3.2.1. Tree heights and diameters
Tree heights (179 cm) and basal diameters (41.25 mm) for each




Pasture production for the different fertilization treatments in
the spring 2007, 2008, and 2009 can be observed in Fig. 4. Signifi-
cant differences were detected between the treatments in all years
(p < 0.001 in the spring of 2007, 2008, and 2009) with the exception
of the spring 2007 and 2008 when the planting of trees were eval-
uated in agronomic soils and the spring 2008 when the three types
of fertilization were compared in treeless pastures established in
agronomic soils. The highest levels of pasture production were
generally found in the spring of 2008 (2.2–13.4 Mg pasture ha−1),
while the lowest values were detected in the spring of 2009
(1.2–10.3 Mg pasture ha−1). When the Agronomic and Forest treat-
ments are compared (Pasture + Tree treatments), it is apparent
that pasture production was lower in the Forest treatments (For-
est + PMT and Forest + PST) fertilized with mineral or sludge than
in Agronomic treatments (Agronomic + PMT and Agronomic + PST),
with the exception of the first year of the study, when pasture pro-
duction was similar in those pots fertilized with sewage sludge in
forest soils (PST) to both Agronomic treatments (Agronomic + PMT
and Agronomic + PST). Within the Agronomic treatments the fer-
tilization with sewage sludge in no planted pots (Agronomic + PS)
had higher pasture production than pots fertilized with mineral
and planted with trees (Agronomic + PMT) in the last year of the
study. On the other hand, in 2007, within the Agronomic treat-
ments, pasture production was lower in no fertilized pots than
in those fertilized with sewage sludge (Agronomic + PS). However,
mineral fertilization reduced pasture production in the last year
of the study compared with no fertilization treatment. Moreover,
in the Forest soils, the mineral fertilization decreased pasture pro-
duction (Forest + MT and Forest + PMT), while the fertilization with
sewage sludge increased this variable (Forest + ST and Forest + PST)
in 2007 and 2009. However, pasture production was reduced in

































ig. 4. Spring pasture production (Mg ha−1) under Pasture + Tree (a), Forest (b), A
etters indicate significant differences between treatments within the same year. V
orest soils when pasture was sown, tree was planted and sewage
ludge was applied compared with the rest of the treatments in
008.
.3.2. Botanic composition
The significant ANOVA results of the weight proportion (% dry
atter) of the sown species (cocksfoot, ryegrass, and white clover)
nd the most representative spontaneous species (chamomile
Cha) [Chamomilla recutita (L.)], creeping bentgrass (Crb) [Agrostis
tolonifera (L.)], narrowleaf plantain (Np) [Plantago lanceolata (L.)],
nd yarrow (Yar) [Achillea millefolium (L.)]) in the pasture over
he entire study period are shown in Table 3. There were other
pontaneous species, though their contributions were minimal
data not shown). In general, the percentage of cocksfoot was sig-
ificantly affected by treatments (Table 3) in all harvests of the
pring–summer of 2007 and 2008, with the exception of the first
arvest of 2007 and harvests of 2008 when the effect of planting
rees within agronomic soils was evaluated. Moreover, all ANOVAs
f cocksfoot were also significant in May 2009, but cocksfoot was
ot affected by treatments when the comparison of two types of
oil (agronomic and forest) in Pasture + Tree pots was carried out in
he first harvest of 2009. Regarding ryegrass, it was only affected
y treatments in August 2007 (when (1) agronomic and forest soils
ere compared in Pasture + Tree pots and (2) treatments within for-
st soils were evaluated), in May 2008 in all treatments (with the
xception of the evaluation of tree plantation in agronomic soils)
nd in May 2009 (when agronomic and forest soils in Pasture + Tree
ots were compared and the effect of tree planting within agro-
omic soils was evaluated). The fertilization with mineral or sludge
nitially increased the proportion of cocksfoot in forest soils com-
ared with agronomic soils in Pasture + Tree treatments (Fig. 5).
oreover, the positive effect of the mineral fertilization comparedmic (c) and Agronomic not afforested soils (d) in 2007, 2008, and 2009. Different
lines indicate mean standard error.
with the sludge fertilization on cocksfoot percentage in forest soils
was more evident as the study advanced. On the contrary, agro-
nomic soils had a significantly higher proportion of clover than
forest soils mostly when sludge instead of mineral was applied in
August 2007, May 2008 and July 2008.
Within the Forest soils, there was a positive effect of pasture sow-
ing on the proportion of sown species (cocksfoot and ryegrass) in
all harvests until May 2009 (Fig. 5). The establishment of cocksfoot
in forest soils was better with mineral than with sludge fertiliza-
tion. On the contrary, creeping bentgrass was the main pasture
species found in forest unsown pots in 2007 and 2008 (Fig. 5).
Creeping bentgrass percentage was significantly higher in unsown
than sown forest treatments from the start of the experiment to
July 2008, when the increment of the percentage of creeping bent-
grass in unsown pots compared with sown pots was only significant
if mineral fertilization was used. In May 2009, mineral fertiliza-
tion improved the percentage of creeping bentgrass in unsown
pots compared with those pots previously sown and fertilized with
sludge.
Within Agronomic soils, the percentage of cocksfoot was signif-
icantly (Table 3) improved when sewage sludge (12.6% and 22.3%)
instead of mineral (4.19% and 7.5%) was used in May and August
2007, respectively. On the contrary, the percentage of cocksfoot
was significantly higher in mineral (44.17a%) than sludge (12.5b%)
in no afforested pots in May 2009, but no differences were found
in agronomic afforested pots regarding the percentage of cocks-
foot (26.68ab% and 22.32ab% in mineral and sludge, respectively) in
the same harvest (different superscript letters indicate significant
differences between treatments). However, in May 2009, the use
of sludge (11.42a%) increased the proportion of ryegrass compared
with mineral (1.15b%) in no afforested pots, and sludge (1.80b%) in
afforested pots, but the percentage of ryegrass was similar in both
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Table 3
ANOVA results for treatments with significant effects for sown grasses (cocksfoot (Dg), ryegrass (Lp), and white clover (Tr)), spontaneous species (chamomile (Cha), creeping
bentgrass (Crb), narrowleaf plantain (Np) and yarrow (Yar)) in May, June, and August 2007; May and July 2008; and May 2009.
Forest soil Pasture + Tree Agronomic soil
For Fert For × Fert SEM Soil Fert Soil × Fert SEM Silvo Fert Silvo × Fert SEM
Sown species
Tr May-08 * * * 5.2 Tr August-07 ** ns ns 5.1 Dg June-07 ns ** ns 6.7
Tr July-08 ns * ns 8.8 Tr May-08 ** ns ns 8.5 Dg August-07 ns * ns 8.07
Dg May-07 *** ns * 11.5 Tr July-08 *** ns ns 7.5 Dg May-09 ns ** ** 13
Dg June-07 *** ns ns 6.7 Dg May-07 *** ** * 8.6 Lp May-09 ns ns ** 5.5
Dg August-07 *** ns * 12.5 Dg June-07 ** ns ns 9.0
Dg May-08 *** ns ns 17.3 Dg August-07 *** *** ns 9.4
Dg July-08 *** ns ns 15.2 Dg May-08 *** ns ns 17.83
Dg May-09 ** ns ns 16.5 Dg July-08 * * ns 17.3
Lp May-07 *** * * 8 Lp August-07 ns * ns 16.3
Lp June-07 *** ns ns 12.8 Lp May-08 ** ns ns 18.8
Lp August-07 *** * ns 12.8 Lp May-09 ns ns * 7.3
Lp May-08 *** ns ns 7.8
Unsown species
Crb May-07 *** ns ns 24.6 Crb July-08 * ns ns 11.1 Crb May-07 ** * ns 7.5
Crb June-07 *** ns ns 24.8 Np July-08 * * ns 2.9 Crb May-08 ns ** ** 7.8
Crb July-08 ** ns ns 19.1
Crb May-09 ** ns ns 21.8




Dg May-07 ** 2.7
Dg June-07 *** 2.7
Dg August-07 ** 8.4
Dg May-08 * 9.2
Dg July-08 * 6.8
Dg May-09 * 17.6
Lp May-08 * 17.1
Unsown species


























EM, mean standard error; ns, not significant.
* p < 0.05.
** p < 0.01.
*** p < 0.001.
fforested pots (4.51ab% in mineral afforested pots). Mineral fertil-
zation also increased the percentage of cocksfoot compared with
o fertilization in agronomic soils (Fig. 5).
Regarding the spontaneous species, it was found that
hamomile was initially better established in agronomic (21.87%)
han forest soils (0.02%) in Pasture + Tree treatments in May 2007.
n the other hand, the percentage of narrowleaf plantain [P. lanceo-
ata (L.)] was significantly higher when sewage sludge was applied
n agronomic soils (5.91a%) compared mineral fertilization (0.05b%)
n forest soils in July 2008, but the percentage of this species was
imilar in mineral fertilized agronomic soils (2.47ab%) and in sludge
ertilized forest soils (1.63ab%) in the same harvest. Finally, yarrow
as improved within Forest soils when no sown was carried out but
ineral fertilization was applied (18.81a%) compared with sludge
ertilization with sowing (0.55b) but similar to the percentage
ound in those pots unsown and fertilized with sludge (12.48ab%)
r sown and fertilized with mineral (2.88ab%) in July 2008.
.3.3. Pasture concentrations of CP and P
The concentrations of CP and P in the pasture in the spring
007 and 2008 are presented in Fig. 6. The concentration of CP
as significantly affected by the treatments in August 2007 (soilffect: p < 0.001) and in December 2008 (soil effect: p < 0.01) in Pas-
ure + Tree treatments and revealed that CP was higher in agronomic
han forest soils, with the exception of pasture grown in agro-
omic pots fertilized with sludge in December 2008. On the other
and, the concentration of P in pasture was significantly affectedby treatments in June (soil effect: p < 0.001) and August (soil effect:
p < 0.001) 2007 and in December 2008 (soil × fertilization interac-
tion effect: p < 0.05; soil effect: p < 0.001) when the effect of the type
of soil was evaluated. As happened with CP, the concentration of
P was significantly higher in agronomic than forest soils, with the
exception of pasture developed in agronomic soils fertilized with
sludge which did not differ from the same forest treatment.
Within Forest soils, the lack of sowing increased the CP con-
centration of pasture. Mineral fertilization in unsown treatments
significantly increased the concentration of CP compared with
sludge and mineral fertilization in sown pots in August 2007 (tree
effect p < 0.001) and only with sludge fertilization in June 2007 (tree
effect: p < 0.001).
4. Discussion
All soil studied variables (KCl pH, CEC, total N and P), excluding
organic matter, were significantly higher in agronomic compared
with forest soils and explains the better initial fertility stage and
pasture production found in the Agronomic than in the Forest
treatments. Moreover, the highest presence of white clover in
the Agronomic treatments probably increased pasture produc-
tion because Rhizobium N fixation is performed by this species
(González, 1992; Whitehead, 1995; Green et al., 1999; López-
Díaz et al., 2009), which increases the input of N into the soil
(Mosquera-Losada et al., 1999), and the subsequent consumption of
this nutrient by grasses. Authors such as González (1992) indicate
that 30% of white clover in pastures developed in North Western



















ig. 5. Proportion in weight (% dry matter) of sown (Dg, cocksfoot; Tr, white clover;
ar, yarrow) in pasture under the different treatments in May, June, and August 200
oils treatments. M, mineral; S, sludge; NF, no fertilization. Different letters indicat
pain can incorporate up to 250 kg ha−1 year−1 of N. In any case,
asture production ranges found in the present experiment were
imilar to those usually described in North Western Spain forest
oils (0.5–6 Mg pasture ha−1) (Mosquera-Losada et al., 2001) and in
orth Western Spain agronomic soils (6–12 Mg ha−1) (Mosquera-
osada and González-Rodríguez, 1999).
Although soil pH was reduced from the first to the last year of
he experiment, N and P levels in soil were usually higher if sludge
nstead or mineral were used in Pasture + Tree treatments devel-
ped in agronomic soils. Soil pH in 2009 was reduced in comparison
o 2008 probably due to the N mineralization (the step from NH4+o NO3− occurs, and H+ is released into the soil solution media after
eaching of NO3− by rainfall (Whitehead, 1995)) and tree and pas-
ure cation extractions from the soil (Mosquera-Losada et al., 2006).
n the last year of the experiment, soil total N was higher if sludge
nstead of mineral fertilizer had been previously applied in pasture, ryegrass) and spontaneous species (Cha, chamomile; Crb, creeping bentgrass; and
and July 2008; and May and June 2009 of Pasture + Tree and Forest and Agronomic
ficant differences between treatments within the same harvest.
and tree agronomic soils. The sludge nutrient release rate is slower
than those from mineral fertilizers (EPA, 1994; Smith, 1996) and
this would explain the extended effect of the sludge in time on soil
total N variable. The same tendency was found with total soil P.
Water pollution from nitrate leaching, was only relevant at the
start of the experiment when both tree and pasture were at the
establishment phase, and therefore they were less efficient taking
up soil nutrients like nitrate. Afterwards, the adequate establish-
ment of pasture and tree limited nitrate leaching, even though
mineral fertilizer inputs were annually performed. At the beginning
of the present experiment (2006), the nitrate-N content of the soil
solution exceed the 11.3 mg L−1 limit for drinking water set by the
EU (1980). In the following samplings, the concentrations of nitrate
in the leached water from the agronomic soils were also above the
value of 11.3 mg NO3−-N L−1, and it was higher than that found in
forest soils (Knight et al., 1989). High initial soil pH of agronomic




































ig. 6. Concentrations of crude protein (CP) in pastures (g kg−1) under Pasture + Tr
he significant harvests of 2007, 2008, and 2009. M, mineral; S, sludge. Different lett
ndicate mean standard error.
oil at the beginning of the experiment would explain a higher min-
ralization activity, and therefore nitrate leaching, in agronomic
han in forest soils, which caused an increase of pasture produc-
ion and the levels of CP. Moreover, the initial higher percentage
f grasses instead of annual species in the Forest treatments than
n the Agronomic treatments could also have reduced the leach-
ng of nitrate in the forest soils, while taking into account that
erennial grasses have a greater capacity for taking up soil nitrate
han weeds (Humphreys et al., 2006; Abberton et al., 2008). More-
ver, the initial establishment of dicotyledonous annual species,
uch as chamomile, could also have increased the nitrate leaching
n the agronomic treatments when the annual species died, since
icotyledonous species are richer in N than monocotyledonous
pecies (Hanley et al., 1992; Paré et al., 2006). The absence of annual
pecies in the seed bank of the forest soils was probably the cause
f the best initial establishment of the sown species in the for-
st soils that were simultaneously fertilized and sown than in the
gronomic soils, where the annual species showed rapid-growth
haracteristics (abundant seed – rapid germination) (Grime et al.,
007; Mosquera-Losada et al., 2009).
There were no appreciably significant differences in the forest
oils as a result of the different treatments of fertilization or sow-
ng, mainly because most of the soil’s biological activity was greatly
estricted as pH was very low in the forest soils (Omil et al., 2007;
jukic et al., 2009). However, a positive effect of sewage sludge
nputs on soil pH was detected when the less intensive system (no
owing) was compared with more intensive systems implying min-
ral fertilization and sown of pasture. The positive effect o sludge
pplications on soil pH in very acid soils were also described in
oils receiving a higher total quantity of sludge than in the present
xperiment (López-Díaz et al., 2007). The improvement of soil pH
aused by sludge applications may explain the increase of the total
itrate leaching and the pasture production in forest soils comparedand forest soil (b) treatments and P in pastures (g kg−1) under Pasture + Tree (c) in
icate significant differences between treatments within each harvest. Vertical lines
with mineral fertilizations. This result could be firstly explained
by the residual effect of organic fertilizers compared with mineral
fertilizers described by the EPA (1994) and secondly because the
sludge added more Ca, Mg and micronutrients than the mineral
fertilizer (Smith, 1996; López-Díaz et al., 2007; Mosquera-Losada
et al., 2010).
Even though the forest soils were only significantly affected by
the treatments in terms of KCl pH, they modified the botanical
composition and CP in the initial samplings. However, these dif-
ferences disappeared at the end of the study. The improvement in
the percentage of ryegrass and cocksfoot species as a result of sow-
ing caused a lower crude protein percentage than in the pastures
of unsown forest soils. Sown species like ryegrass and cocksfoot
are not usually adapted to the low fertility of forest soils, being
less extractive than weeds in forest soils (Whitehead, 1995), thus
reducing the proportion of N in the pasture. This reduction ulti-
mately caused the reduction of the percentage of sown species at
the end of the experiment in sown forest soils.
The response of the soil and pasture production variables to
treatments within the agronomic soils did appeared two years after
the experiment had begun, probably due to the better initial soil
fertility. CEC was significantly increased in sludge fertilized treat-
ments with or without tree planting than in mineral when trees
were not planted, and it could be explained by the physical soil
improvement caused by the sludge (Smith, 1996). Moreover, in
2009, those treatments with sludge fertilization in the agronomic
soils without tree planting had higher pasture production than
mineral fertilization treatment that had been previously planted.
Mineral fertilization caused a direct increase of N, P, and K concen-
trations in soil, which can reduce other cation levels in soil, thus
limiting pasture production (Whitehead, 1995). This effect can be
seen in the lower CEC of the PM treatment compared with the rest of
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f the study. Additionally, the presence of trees modified the soil
onditions in the agronomic soil with the mineral fertilizer (PMT),
hich may also have reduced pasture production in this treatment
ue to the high extractions performed by both crops (tree and pas-
ure), compared with agronomic treeless systems fertilized with
ineral.
The initial improvement of soil P availability as a result of fer-
ilization (mineral or sludge) was also previously described (Allen
t al., 2006; Nair et al., 2007) and may help to explain the high pro-
uction of pasture in sewage sludge fertilized pots compared with
o fertilization in agronomic soils. Moreover, cation extraction may
ave reduced pasture production in mineral treatment compared
ith no fertilization at the end of the study.
In 2009, the Monterey pine heights and diameters varied from
64–193 cm to 49.5–58 mm, respectively. The tree diameters and
eights were greater than those described by López-Díaz et al.
2009) in a study carried out in agrarian soils in North Western
pain, with a pH close to neutral (pH 6.3), and by Sánchez-Rodríguez
2000) in the Northwest of Spain. The higher growth of trees in our
tudy could be explained by the high precipitation rate found in
he summer during planting, which usually increases initial tree
rowth (Rigueiro-Rodríguez et al., 2000; Mosquera-Losada et al.,
006) and may have reduced the differences between treatments.
similar result was found by Rigueiro-Rodríguez et al. (2010),
n which fertilization treatments initially modified the Monterey
ine response, but differences between the treatments disappeared
hen a humid summer for tree growth occurred. Tree plantation
id not affect nitrate leaching probably because trees were too
oung to uptake nitrogen from soil when the nitrate concentrations
n soil were high. However, tree plantation reduced pasture pro-
uction in agronomic soils fertilized with mineral and KCl pH, and
P concentration in forest soils compared with the less intensive
reeless pastures (López-Díaz et al., 2007).
The concentrations of CP (58–183 g kg−1) and P (1.6–4.8 g kg−1)
ere similar to the concentrations described by Grime et al.
2007) (1.5–4.5 g kg−1) and Whitehead (1995) (80–250 g kg−1),
espectively, with the exception of the CP concentrations in those
arvests performed in the summer, which were usually lower
ue to the usual seasonal evolution of CP caused by the dif-
erent pasture species’ phenological growth states (Whitehead,
995). The concentration of CP in the pasture did not reach the
inimum requirements for the maintenance of live weight in
heep (94 g kg−1) (NRC, 1985), horses (85 g kg−1) (NRC, 1989),
nd goats (60 g kg−1) (Lamand, 1981) in the summer harvests of
007 and 2008. The concentration of P in all other harvests did
eet the requirements for maintenance of live weight in sheep
1.6–3.7 g kg−1) (NRC, 1985), horses (2 g kg−1) (NRC, 1989), and
oats (2.5 g kg−1) (Lamand, 1981).
. Conclusion
Fertilizer management, sowing and plantation practices caused
ifferent effects on the agrarian and forestry soils in our study.
gronomic soils were more fertile than the forestry soils due to
he high pH and microbial activity of the former, which increases
itrate and P availability, and therefore the risk of leaching. Bet-
er nutrient availability in the agronomic soils increased pasture
roduction as initially did sludge instead of mineral fertilization in
orest soils due to the inputs of other nutrients done by sewage
ludge compared with mineral, which probably increased min-
ralization in forest soils. Nitrate leaching was only relevant at
he start of the experiment when trees and pasture were not
nough developed to uptake nitrate. On the other hand, the soil
ariables evaluated in this study, with the exception of KCl, were
ot modified by fertilization or sowing treatments in the forestems and Environment 139 (2010) 618–628 627
soils. However, the production, botanical composition and qual-
ity of the pasture developed in the forest soils were positively
by sludge inputs instead of mineral due to the greater amount
of nutrients applied with the former and the pH increase that
sludge caused. The presence of grasses like cocksfoot or ryegrass
was enhanced by sowing in forest soils. However, due to the low
soil fertility, the quality of the pasture at the time these species
were sown was low, and the sown grass species disappeared
shortly after the establishment of the experiment. Finally, soil fer-
tility was better preserved with the sludge than mineral fertilizer
within the agronomic soils due to the broad range of nutrient
applied with the former. Therefore, the use of the sludge as fer-
tilizer allows nutrient recycling of this residue in poor soils and
increases productivity and preserves fertility compared with min-
eral fertilizer at short (forest soils) and medium (agronomic soils)
term.
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